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INTRODUCTORY REMARKS

Capt. Robert C. Bormmann, 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 workers in
rapidly expanding or developing research areas can discuss experimental
results and assimilate recent information. Second, these workshops
provide an opportunity to encourage research and to direct it into
promising channels. And finally, these meetings deliberately mix per-
sons who have backgrounds in a variety of scientific disciplines, to
promote a stimulating and provocative exchange of technical information.

This particular workshop will concentrate on the countercurrent
diffusion phenomenon. We will review 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 relating this phenomenon 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 them? Does this phenomenon
explain hitherto inexplicable occurrences? Has it perhaps obscured our
understanding of inert gas behavior?

It will be interesting 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. I
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recently was looking through the old Navy diving manual I used in diving
school in 1960. The normal procedure in deep-sea helium diving with
heavy dress was to dive breathing a helium-oxygen mixture 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, to
eliminate the helium. There was -an alternate procedure for continuing
to the surface on helium-oxygen if it was not possible to switch to
oxygen. There was also a third alternative in case at any time the
diver lost his helium-oxygen supply and had to switch to air. The
schedule for coming to the surface was an old Navy treatment table
based on the idea that the diver would be completely saturated and would
have to be returned to the surface at the ascent rate for an air satu-
ration exposure. However, there was also a caution in the diving manual
that said, if the third of these situations occurs and the diver is
switched to air, do NOT follow the normal procedure, which is to venti-
late the suit with a large volume of gas to remove any residual helium.
In this situation, continue with a semi-closed breathing gas circulation.
The new gas, air, should simply be injected into the suit, and this
should continue all the way to the surface 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 that experience had shown that if
this procedure wasn't followed, the diver would become ill. I am not
certain, but it is possible that the diver's discomfort in this‘situa—
tion would be caused by isobaric counterdiffusion, although other
factors may also have contributed.

The program of this workshop follows a planned sequence. The first

session will cover research observations and experiments, and the second



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 implicatioms.



Session I. Experiments and Observations
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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 to present a specific set of
experiments or a particular point of view. The countercurrent
diffusion 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 review, the
emphasis in this morning's session will be on measurement, while
the afternoon session will attempt to relate theory to measure-
ment.,

First, with countercurrent diffusion we are dealing with a
phenomenon that is very old; everyone here remembers that, whether
the term isobaric counterdiffusion was used or not, individuals
thought in terms of counterdiffusion with no change in pressure,
and mention of this occurs occasionally in the literature. At
the first underwater physiology symposium (Washingtonm, D.C., 1955),
the concept of facilitating inert gas transfer by alternating
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 didn't think in terms of the isobaric no-pressure
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 at
Duke was studying the respiratory effects 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-bends
to the team at Duke, but they had developed in an individual
who had not decompressed and who had been kept at a relatively
constant pressure of about 200 fsw for a long time during the
experiments. Dr. Aquadro, who was a member of the 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 bends, and the lesions disappeared
during treatment. Later, the Duke research group developed the
concept of osmotic changes caused by inert gas dissolving in
body tissues to explain what had occurred. The Experimental
Diving Unit repeated the Duke studies under the same conditions
and found nothing, after which many of us put the whole issue
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 of them, in 1970, involved saturating
individuals on nitrogen for a few weeks to study nitrogen effects
at four atmospheres and to investigate respiration and respiratory
reactivity by administering other gases. One of these gases was
helium, which was given to nitrogen-saturated individuals for an
hour, during which different amounts of carbon dioxide were
administered. Before this study 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 been
almost opposite to the subsaturation sought by Keller and Buehlmann.
We recognized this potential hazard even before isobaric super-
saturations of any significant degree were being considered.
Ultimately, we decided that the experiment would not be hazardous
because the increase in total inert gas pressure under experi-
mental conditions would not be greater than had been experienced

in true saturation decompression studies in the past, and so we
proceeded with the study. No symptoms were generated when nitrogen-
saturated subjects at 100 fsw were given helium.

There were, then, two conflicting pieces of evidence. On the
one hand, symptoms did not occur when helium was given 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 conditions,
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 predictive study, which was designed to compare helium,
neon, and nitrogen effects and would therefore require giving
gases in series. Once more, there was the possibility that
sequencing might cause subsaturations of.major degrees in some
situations and significant supersaturations in others, because
the alternating was to take place at many different pressures,
ranging from 100 to 300, and 400 to 1200 feet of seawater. Again,
we evaluated the potential hazard in advance and, because no
adverse effects of supersaturation at high pressure had ever been
demonstrated, 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 developed
skin lesions and severe itching. Only these two symptoms occurred;
there were no central nervous system effects, no signs of vestibular
derangement. And by severe, I mean intolerable: violent cutaneous
itching. Despite the itching, however, there were initially no
lesions such as had been observed at Duke. This marked the first
in a series of a dozen or more observations of symptoms in various
subjects surrounded by helium, breathing different gases, at a

variety of pressures. It was not until a pressure of 1200 fsw

was reached that true gas lesions -- visible, prominent, and capable
of being photographed -- and severe vestibular derangement, incapac-
itating 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 than to develop a theory to explain events, 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 experienced
by our divers.

We made an instinctive judgment that the process was related
to gas movement through the skin; at this stage, no theory was
involved -- only judgment. The approach we used to test this
judgment involved enclosing the subject almost entirely in a gas—
tight suit and allowing the same gas that the subject was breathing
to pass through the suit. Except on those areas of the skin, such
as the face and hands, that continued to be exposed externally to
helium, all the dermal lesions disappeared during this procedure,
confirming our feeling that gas movement in two directions,
between the capillaries and the environment, was involved.

The phenomena we have discussed so far today are not unitary
but complex.

They involve different events: in one case, different gases
are administered sequentially, and in the other, one gas is breathed
while another gas surrounds the subject. Both the order of the
sequence and the relation of the external environment 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 concept,
but some of its implications are only beginning to be understood.
One of the more important may be the effect of the duration of
the probable excess saturation. As the figure shows, the times
are long, providing many hours during which bubble formation
can occur.
Fig. 1 here

The next figure shows the subject's dermal lesions (Fig.:2).
These lesions were not vesicles; they were bloodless lesioms.
They were not gas lesions, and no gas cculd be sampled from
them. They were hard and raised, and something had squeezed
the blood out of them so that they did not bleed when they were
opened. Although the figure doesn'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. Since the eye, like the skin, was ex-
posed, the question whether bubbles occurred in the conjunctiva
of the eye has been raised. No human exposures have caused
bubbles in the eye, the mouth, the nose, or the mucosae.

Fig. 2 here

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 subcutaneous gas phase might be involved.
Fig. 3 here

Figure 4 shows a semi-cartoon, semi-serious experimental
plan for exposing subjects in a bathtub in a high-pressure chamber
to one breathing gas while surrounding them with water, which
might even permit the escaping gas bubbles to be seen as they
left the body. We did not perform this experiment because of the
seriousness of the vestibular effects caused by exposing the
entire body. Instead, 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 later talk
about why no bubbles occurred in this situation.

Fig. 4 here

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 water and then o0il on top of the membrane.
By simply filling one part of the cell with nitrogen and the other
with helium, it was possible to see bubbles being generated at the
oil-water interface. The bubble-making process could be accelerat-
ed by seeding at the interface. Here, then, was an example of
bubbles forming in an isobaric, steady-state situation, without
pressure on either side of the membrane. Both "isobaric" and
"counterdiffusion" were obvious terms to choose to describe this

in vitro situation.



Next, we extrapolated from this environmental situation
to the high-pressure chamber exposure that had produced the lesions
and the vestibular derangement. Theoretically, the ratio of
maximum generatable excess supersaturation in relation to ambient
pressure is about 0.3 atmospheres. At 100 fsw, that would be
about one atmosphere, and at 37 atm, the pressure at which our
symptomatic episodes occurred, the steady-state supersaturation
would be about 9 atmospheres. This seemed unreasonable; even if
such a supersaturation was theoretically 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 circumstances. 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 undertaken 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 from 66 to 300 fsw to animals
surrounded by helium in a chamber. The internal-external relation
of the gases was also reversed, with helium given as the breathing
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

-



symptoms.

Fig. 5 here

Table 1 here

After these experiments, our work at the laboratory 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 exposed to one atmospheric gas while
breathing another one. This experimental arrangement also allowed
us to put the box inside a pressure chamber, if necessary. The
Idicula group's experiments had shown that nitrous oxide breathed
at one atmosphere by animals surrounded by helium generated bubbles
in the bloodstream in addition to severe isobaric skin lesions.
This finding caused us to use nitrous 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
environment but to nitrous oxide entering that gas space via the
lungs and circulation. Bubbles do form in the blood, and are
visible post mortem in the cut kidney, the atrium, and the vessels
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 nitrous oxide 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 through
the lungs; the lungs did not filter the bubbles out effectively.
It is important that we not continue 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 which
the circulation is visible. Figure 7 shows the experimental set-
up, with the rabbit breathing one gas through a mask while its
ear is surrounded with a different gas. A group of rabbits exposed
in this way at a pressure of 11 atmospheres died within 2 hours
just from breathing air while surrounded by helium, with no other
stresses. Nitrous oxide kills at. sea level in a counterdiffusion
situation, and air kills at 10 or more atmospheres of pressure.
However, rabbits breathing.normoxic nitrogen at 11 atmospheres
who are not surrounded by a helium environment do not die, so it
is clear that 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 very similar to those of the
experiments we have just described, so we have often been very
close 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 cava
to catch the bubbles coming from the counterdiffused region. This
procedure is shown in Fig. 8. Since the trap catches the emboli
before they can kill the animal, the heart, lungs, and brain comn-
tinue to operate properly, although the counterdiffused region,
in this case the pig's hindquarters, is clearly in bad shape. As
Fig. 8 shows, after 4 to 6 hours of counterdiffusion, the process,
though superficial, is intense. Several significant changes have
occurred: there is a marked derangement of the cutaneous circula-
tion. Bubbles have accumulated in the capillaries, causing an
almost complete cessation of circulation and extravasation from
the capillaries into the tissues. The line of démarcation between
the counterdiffused region and the rest of the skin is very sharp,
as can be seen in the photograph (Fig. 8). This preparation per-
mits the animal to continue to live, and it is sometimes necessary
to kill it after 8 hours or so.
Fig. 8 here

The next step in our investigation was to measure the volume
and composition of the bubbles coming from the pig's hindquarters.
Figure 9 shows a plot of the volume of bubbles in the trap. The
same gas is measured cumulatively as it increases in volume;
eventually, the rate of gas bubble formation peaks and stabilizes,
regardless of the duration of the exposure. A major 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 greatest experimental interest, the beginning of the counter-
diffusion process, cannot therefore be observed with this prepara-
tion. The volume of gas that comes through the trap (in partial
pressures) is shown in Fig. 10. About 200 milliliters of gas per
hour per square meter of surface area were generated in the pig's
hindquarters at a pressure of one atmosphere and in a nitrous
oxide/helium counterdiffusion environment. The same amount,
proportionately, seems to be liberated in experiments involving
the rabbit's ear, 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 16%Z. The
composition of the arterial blood is known, as is that of the
venous blood. Some blood does not go through the skin but is
shunted back into the venous blood, 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 counterdiffusion, and shows the percentage of
each gas in the trapped bubbles.

Next, we conducted a study designed to measure the rates
at which different gases -- helium, neon, methane, ethane, carbon
dioxide, nitrous oxide -- move through the skin, i.e., the flux

of various gases. Temperature has an influence on the flux of
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helium through the skin. Simple diffusion of helium at tempera-
tures in the 37 to 41° C range accounts for 60 ml/hr/m2/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 review is to see that we are dealing
with more than one topic, and with different aspects of these
topics. We know that helium diffuses through the skin and other
surfaces, and we know that dermal lesions occur. These lesions
should be thought of as warnings of incipient embolization,
whether or not the emboli have broken out. We know that continuous
embolization occurs, and that this can break through the lungs
and is one of the mechanisms that may be involved in vestibular
functional effects.

We are looking at events occurring at the surface and away
from the surface, at events that 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 together, and it is
essential that we avoid becoming compartmentalized to the extent

that we miss the interconnections between them.
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Discussion

Has the rate of embolizationm been measured under other
counterdiffusion situations, for example, during N,0 breathing
in a helium environment? Have different pressures been used?
We have conducted NoO studies at 2 atm, and the rate-of-
formation curve was essentially identical to the one at 1 atm.
The same volume of gas was produced per square meter, but
there were twice as many molecules because the pressure was

2 atm. In experiments with pigs at 1200 fsw, using Ne and
N7, we have seen skin lesions but no emboli over periods of
time at least equivalent to those of the human studies.

Have experiments been conducted to observe the omset of the
process or the effect on the process of varying the inert
gases to look at the rate of.change?

In 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 change in gas volume caused by the
experimental equivalent of therapy.

Have you observed whether reverting to the original gas
causes the embolization to stop, or whether, once started,
the process proceeds inevitably?

We have not as yet conducted a systematic effort to deter-
mine that.

Why were experimental gases such as NpO and SFg used?

] B



‘N20 was used because it was convenient and could be worked

with at sea level; SFg 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 being
breathed.

Since a venous bubble must be more or less equilibrated 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 a fast isotope to the gas diffusing

-in?

We were not able to find a rapidly diffusing radiocactive
isotopic gas to use in such studies.

Is 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?

Any tonometer that equilibrates a gas phase with a liquid
phase has to have the ability to reach an equilibfium pressure.
The venous blood is at a subatmospheric pressure, which means
there cannot be true equilibrium between any gas phase in
contact with that blood. We have estimated partial pressures
at atmospheric pressure of the gases in the gas phase of the
bubble trap. These values do not precisely equal the gas
tensions in the blood because there is no true equilibrium,
but there is a close near-equilibrium between them.

What is known about the location of bubble formation?

7 -



Initially, we believed that gas spaces were being formed
subcutaneously in millions of tiny locations, and later we
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.

Was there any fluid at all in the skin lesions? Were they
gas-filled?

In the divers, they were hard, raised, bloodless lumps, in
which something had pressed on.the capillaries and squeezed
the 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 was difficult to tell what was inside
the lesions. In the pigs, however, the microscopic sections
showed the gas spaces you saw on the histological slides.

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

It might occur with nitrous oxide at high partial pressure,
but not with halothane or with other anesthetics, which are
used at low concentrations.

Did the divers with the vestibular problems have any auditory
symptoms such as tinnitus, hearing loss, ear pain, or
feeling of ear fullness?

The divers who had the vestibular 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 symptoms; severe vertigo and nausea were
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the only symptoms. It is important to remember, 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 blurring of the distinctions between

these two phenomena.
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THEORETICAL BASES OF TRANSIENT ISOBARIC SUPERSATURATION:

EXPERIMENTAL SUPPORT

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 Mason, 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 jinvolves 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.
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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 the various 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 can 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 only 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 Folkman, who suggested exploiting it as a simple gas fraction
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 counterdiffusionm.

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 calculations, 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 supporting 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, once
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 regions.

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 2i}:1 (T%NZ:T%He) 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 presentatiom.

It was natural as a next step to try to calculate the different
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 perfusion-limited situation, the time constant k; of the
compartment j is Q.Ay 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 aBj is the solubility of gas j in
the blood and aTy is the solubility of gas j in the tissue, then the
time constant of gas j is

In other words, at given flow (Q) and volume (V), the time constant k4
is equal to the blood tissue ratio of solubilities for gas ;.

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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Fig. 3. (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 N + He pairs of half-times. At every. point in time,
total gas tension is sum of He and N7 fractional saturatioms.
(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 Pp is similar to tran-
sient in P, distinction is important when considering the
relative supply of excess gas to provide bubbles shown in
Figs. 15 through 20.
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Pp = Pa [ek + l-e 1
where gamma (y) equals the ratio ig; Further, by differentiating Prp
1
with respect to time, the maximum (or minimum, in the case of a reverse

switch) pressure will occur when

T =_1n(y)
ki (y=1)

We now can express the maximum pressure in terms of Y, the ratio
of the time constants according to the formula 22'(assuming Ty = 1)
Pa
equals

_e-Yln(Y)/Y*l

[e-ln(Y)/Y~l 1

]

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 = @By * aTy
GBl N GTZ

This approach has been used to estimate the maximum supersaturatioms,
Pp, according to a perfusion-limited system, which are shown in Table 1.

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

3
¢ - D4V%C
ot ~
2
where Dy 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, Lightfoot, Baz, and
Lanphier (1979), and the more extreme supérsaturations 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 involved. 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, Pr, 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 observations,

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 because 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=1) -- the model predicts that there would be first an undersaturation,
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 here 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 "front"

of supersaturation moves down the tube. The particular profile shown
occurs 6 seconds after initiation of conditions. This is 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 appareritly
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 supersaturation
(Pp) with time in the venous end of the model in Fig. 4 with (Fig. 75,
and without (Fig. 8), diffusion--differences taken into account. The
values S; and S are the tissue-to-blood partition coefficients and, it
will 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 Pp max in both figures (Figs. 7
and 8). It is clear that in this model diffusion differences canm 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). These 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.

Fige 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 1, 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 accprdingly
more depleted of gas as it exits on the right.

Supersaturation in model shown in Fig. 4 when only diffusion
differences are considered, that is, 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 cylin-
der because of its more rapid diffusion.

Time plot of situation shown in Fig. 5. 1Initial 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-
iological relevance of this model is questionable.

Same flow model as in Fig. 8; however, diffusion is taken .into
account in this situation. Very little difference is shown
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.
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10-minute time constant. Notice also the relatively slight difference
in Py 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 P ., as a
function of perfusion time constant on a log scale to illustrate this
point. This indicates a decreasing exponential relationship between
maximum supersaturation and the perfusion time constant. In 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 Ny 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 effect$S 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.

10.

1l.

12.

13.

14.

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.

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

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.

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.

Composite plot of previous 4 figures showing supersaturation
pressure only relative to fractional superposition of time
constant (abscissa). Notice, for the diffusion-related
extreme supersaturations, both an increased lag relative to
the time constant and a shorter duration relative to the time
constant, compared with a longer perfusion time constant tis-
sue of 60 and 600 seconds.

Plot of data in Fig. 13, with P ., 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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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 comparison. More statistically com-
plete experiments are necessary.

A word about our bubble counting procedures is necessary. 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 smoothlng
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 carriedout 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 helium. 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. Tbus, 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 switching 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 Pp presented in Table 1, which indicate undersaturation
with the neon to helium gas switch. Further, both the magnitude and
direction of the error involved 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 the 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 a maximum
supersaturation of 0.57 times ambient. The perfusion time constant
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 excharnge the total volume of it. Notice we
are getting protracted but lower supersaturations and this protrac-
tion increases more. However, it requires a more reasonable phys-
iological time constant. Don't-ask me 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 apparently there
is not sufficient delta P (AP) 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 hubbles.
Notice how long this continues: this is a transient switch, so ul-
timately the bubbles have to 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 oxygen.

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

Yes, we layered the helium on top. It takes about 5 minutes at the
most. We end up with a residual concentration of Ny of the order
of 1-27% 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 on 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 this seems to be it, so this
is the one we have started to titraté 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 not 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 often 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 I 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, they can move up
and down.

Do they move when you make the switch?
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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 countlng technique
optlmlzed 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
count. And at 4 hours, a similar picture. We have bbvioqsly been
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 constant 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 not
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 is 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 count as compared to a smoothing'proce-
dure.

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?

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 supersaturationm.
Have you done the reverse experiment?

Not yet, but we shall.

Did you follow this out far enough to see if it went down to zero?
In many cases the bubbles stop by 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 mixing two phenomena, since you are switching
the entitre chamber?

No, this has got to be tranmsient.
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
phenomena?

You are getting a tramsient, 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 experience.
I believe your itching is rather soon, is it not? 15 minutes? Up
to 40? Well, I 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 lesioms, 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
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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 were all in gas-tight exposure suits 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, dnly
probably faster. That was a fairly fast gas switch. But the log-
ical distinction 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 Newton 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 statiomnary? 1
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 is a mistake to say you have to keep regenerating 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.keeps 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. 1In
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 shown. But there is
still the possibility that other substances like dirt started it
off.

I agree with that completely. I think it is 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 seen. 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 instead of persantine?

We tried all three at once to be most sure of an effect, anturane,
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 nuclei 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 attractiveness in assuming there are bubbles
already there, maybe attached to walls.

We do not hear them. They are stationary.

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 universally accepted. I do not see-that
what I am saying here contradicts that in any way. Maybe my 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 hitrogen
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 cm2 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 lipid 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 thirnk about the two sit-
uations is this sometimes different bubble counting pattern which
occurs after a while. 1In 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
hear 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.

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

That is what I am supposing and, if you like, rhetorically asking.
If all we are seeing is something 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.

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 a longer experiment to satisfy the skeptics: we will
simply camp there until the bubbles stop.
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CONTRASTS OF SUPERFICIAL COUNTERDIFFUSION

IN SKIN AND EYE

J. R. M. Cowley_

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

Physiology (47:224-227, 1979; 47:220-223, 1979), cover attempts 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 presentation 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 disturbances, nor was there any itching at
the conjunctiva. We decided to investigate this further in animals.
However, even under the most severe counterdiffusion stress, which for
the rabbits turned out to be nitrous oxide breathing while surrounded
with helium at sea level, we were unable to produce measurable gas bubble
formation in either the cornea or the conjunctiva. We were interested
in conducting this type of experiment at higher pressures, but we
couldn't take the rabbits to more than two atmospheres because they die
of nitrous oxide toxicity at greater pressures. Also, at higher pres-
sures the pulmonary effects in rabbits are much 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 of affairs, dand tried to explain their absence.

The model assumes the tissue has a moving slab of blood behind it,
a surface area, a diffusion distance, and a diffusion rate. This
model uses a block instead of a ¢ylinder, but is eotherwise very similar
to a Krogh cylinder.

Fig. 1 here -- slab model

The dynamics of the rabbit's eye are well documented in terms of
thickness and perfusion with aqueous fluid, and for simplicity we assumed
that everything in the eye was aqueous rather than fat. We didd't worry
about solubility coefficients, either -- if they play a part, it will
only be to make bubbles come more easily. Theoretically, then, there
would be a supersaturation at the base of the cornea at the corneal-
aqueous fluid surface, which would be less than the intraocular pressure
at sea level using nitrous oxide and helium. Exposing the animal to
5 atmospheres or so would cause 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, any small bubbles that were 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
overpressure -- since the conjunctiva itself has no perfusion, the pres-
sures would be much lower.

In the skin, the same model would predict that counterdiffusion
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

.



because the ear could be isolated and experimented on without killing

the animal. We simply inserted a very small multi-hole needle into the
subcutaneous tissue, counterdiffused the animal, and measured the tissue
pressure. Within 5 minutes of switching from air breathing in an air
environment to nitrous oxide breathing with the ear surrounded by helium,
we obtained pressures in excess of 100 mmHg above ambient pressure. The
median increase in this interval 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 tracing
air environment portion of the experiment, which appears on the tracing
as a flat line, reflects in effect a control condition. Within two min-
utes of the switch in gases, there 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 nucleus transmitting pressure hydrostatically through the tissue
fluid.

At the point at which the tissue cleaved, there is a drop in pressure
and a larger gas space, and then the pressure builds up again in the
larger space. We have been able to simulate this by injecting gas into
the rabbit's ear via the same set-up, and have produced the same pres-
sure tracing pattern. We think this is hydrostatically transmitted
pressure caused by an increase in pressure in a microbubble, small bub-

bles, or bubble fluid.
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We have for the first time been able to show an actual increase in
tissue pressure of up to 50 mmHg during counterdiffusion. It has been
suggested that the bubble, or gas phase, may have been introduced by
the needle rather than caused by the supersaturation, but since we have
not medicated the animal and have only disrupted it to the extent of
inserting a fluid-filled needle into its ear, we feel that 1is unlikely.
Also, the pressure in the ear tissue of the several rabbits we injected
built up to about 20 mmHg before the first drop in pressure. But this
cleavage pressure varied a great deal depending on where on the rabbit's
skin surface we injected the needle. It was greatest at the nose and
the tips of the ears, where it reached about 200 mmHg. On rabbits,
these are the only points at which the skin is attached closely. It
appears that where the skin is tight, the gas phase is very small —-
there is a correspondence between the size of the gas phase and the
tissue deformation pressure or cleavage pressure. The time interval
between the peaks would range from about 1 to 2 minutes.

To verify some of our findings, we created an ear window in the rabbit
by removing the cartilage on one side of the skin and leaving the other
side of the skin intact, with its blood supply. Then we counterdiffused
the animal. Rabbits have an interesting characteristic: they regulate

Fig. 3 here - window set-up
thermally via two mechanisms, panting and changing the blood flow to
their ears. There is a linear correlation between 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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