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44.—This study deals with the monitoring of the elimination rates of gases from a porous
cylindrical model of the human tissue during simulated single-stop decompression schedules.
The data suggest the presence of an optimal decompression stop for each dive at which the
gas elimination rate is maximum. The effect of varying the flow rate and the viscosity of the
liquid perfusing the tissue model on the elimination rate is determined for different diving
conditions. Although this study has been carried out on a single tissue model, it provides
means for explaining some of the physiological phenomena observed in human tissues.
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The presence of inert gas bubbles during asymptomatic decompression is a well
proven and accepted phenomenon in diving as reported, for example, in the compre-
hensive account of Weathersby and Homer (1). Extensive efforts have been exerted
recently to study this phenomenon in an attempt to understand the basic principles
involved in bubble formation (2-6), and bubble growth (7-8), as well as bubble
transport characteristics (9—11). Such efforts aim eventually at developing an alternate
bubble theory of decompression to replace the empirical, but practically safe, Hal-
danian theory which is based on premises that violate the bubble-presence phenom-
enon (12-14).

Most of the current bubble studies have emphasized the effect of the various
conventional decompression practices on the bubble formation, growth, and stability
in order to define surfacing criteria that would limit the growth of the developed
bubbles (3-6). Furthermore, these studies have dealt primarily with the phenomena
associated with extravascular and/or stationary bubbles either in vivo tissues (9) or
in various tissue models such as gelatins (4-6) and rubber (8). Few bubble studies
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have, however, attempted to correlate the effect of intravascular bubbles on the gas
elimination rate (7, 14), although such bubbles have been detected by their direct
(15-16) or indirect (17-19) physiological effects.

Due to such well proven effects, this study was conducted to develop an under-
standing of the influence of intravascular bubbles on the decompression mechanism
in general, as well as on the elimination rate and the pressure transients in the tissue
model and the liquid perfusing it, particularly at different simulated dive conditions.

EXPERIMENTAL FACILITIES, MATERIALS, AND METHODS

This study is based on the tissue-capillary model shown in Fig. 1 where the tissue
is simulated by a storage space connected to a porous-hollow cylinder which is
perfused internally by a liquid stream. Such a model, called the Krogh cylinder model
(20), has been accepted in the simulation of inert gas transport during decompression
(21-22).

The tissue-capillary model was installed as shown in Fig. 2 where it was subjected
to different levels of tissue initial pressures, liquid back pressure, and liquid flow
rates as well as liquid viscosities.

A. The experimental setup

The experimental setup incorporates two main sections which are:

1. Compressed gas section (Fig. 2). In this section, the pressure of the com-
pressed gas is controlled at the desired level by the pressure regulator A. The gas is
then allowed to flow into the storage link C via the two-position, manually operated
valve B. The pressure of the gas inside the tank is monitored by the pressure gauge
D until the present level is attained and valve B is then closed.

The compressed gas, at that preset initial level, is allowed to flow through the tissue
model by energizing the two-position solenoid valve E. The released gas will pass
through the pores of the tissue into the liquid stream where it is carried to the liquid
reservoir. The solenoid valve is then deenergized when the storage tank pressure
becomes equal to the liquid pressure.

The compressed gas section also incorporates a branch that has a pressure regulator
F, a pressure gauge G, and a two-position solenoid valve H. These components
provide means for cleaning the tissue model after every test in order to maintain it in
an unplugged condition. Furthermore, the pressure of the flushing branch is controlled
to equalize the liquid pressure in order to prevent liquid from flowing into the gas
section, particularly during the process of filling the storage tanks.

2. Liquid section (Fig. 2). In the liquid section, a positive displacement pump
I is used to circulate the liquid through the tissue model at flow rates controlled by
the pump speed and at a pressure regulated by the valve L. The liquid flow rate
is monitored by the flow meter J while its pressure is measured by the pressure
gauge K. d

The pump is a positive displacement type because it is characterized by its ability
of pumping fluids at constant flow rates irrespective of the level of the delivery
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Fig. 2. Schematic of the apparatus with associated controls and instrumentations.
pressure. Such a feature guarantees that the flow rate of the fluid perfusing the tissue
model is maintained constant throughout the simulated decompression process.

A three-way valve M is incorporated to allow the test section to be connected
either to the pump, during the tests, or to the liquid reservoir after the tests have
been carried out in order to empty the test section completely from the liquid and
flush it properly with compressed gas.

The different components of the setup are connected by flexible tygon tubing that
has an internal diameter of 0.95 cm.

B. Tissue model

The tissue model is made of a storage tank that has an internal volume of 8.8 liters
(sTp) and a porous-hollow cylinder which is manufactured from a sintered bronze
alloy type SAE 841. The alloy consists of 90% copper and 10% tin of high purity.
The cylinder has a random pore distribution with an average porosity of 17%. It is
manufactured by Masten Corporation (23) with an internal diameter of 1.25 cm,
external diameter of 2.5 cm, and length of 16.25 cm.

C. Perfusing fluid

The tissue model has been saturated with compressed air and perfused either with
water in most of the tests, or with 25% glycerine mixture in the remainder of the
runs. Conducting the tests with these two types of fluids was essential to study the
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role of viscosity on the simulated intravascular bubbles. Water was selected because
it has a viscosity which is nearly equal to that of blood flowing inside 4-7 p.m capillaries
(24). The 25% glycerine-water mixture was used, however, for two reasons. Others
have proven that it simulates closely the flow characteristics.of blood in arteries (25).
Second, its viscosity is 2.25 times that of water and therefore would simulate the
effect of increasing the blood viscosity with reduced dive temperatures. It has been
reported that the viscosity increases two- to threefold when the body temperature
drops from 37-20°C (26).

D. Methods

The tissue storage space is filled initially with air at a predetermined value to
simulate the tissue pressure following a particular dive condition. The pressure of
the perfusing fluid is controlled at set values to represent the decompression stop.
Air is then released from the gas storage space and is allowed to flow through the
porous cylinder into the perfusing liquid stream. Such a process will continue until
the gas pressure in the tank decreases to a level where it equilibrates the fluid pressure.
During this process of simulated gas elimination, the tissue and liquid pressures are
recorded as a function of time. The initial tissue pressure is varied from 1.5-3 ATA
while the back pressure assumes values between 1-1.66 ATA giving simulated
decompression ratios (i.e., tissue pressure/back pressure) of 1.5-3. Such values are
comparable to the ratios experienced in air diving.

Under such dive conditions, the flow rate of the perfusing liquid is varied between
2-8.7 ml/s in the case of water, and between 1.6-12.8 ml/s in the case of the glycerine
mixture. With these flow rates, a minimum flow velocity of 1.3 cm/s is attained inside
the tissue model which is very close to that encountered in capillary flows (27).

RESULTS

A. Tissue perfused with water

Figure 3a, b show the pressure transients recorded in the tissue model and the
water stream following decompression of the air-saturated tissue (3 ATA) into water
flowing at a rate of 4.1 and 8.7 ml/s, respectively. The water pressure (tissue back
pressure) is maintained in the two cases at 1.66 ATA. In other words, the tissue
model is subjected to a surfacing schedule with a decompression ratio of 1.80.

It is evident that the tissue gas pressure drops in an exponential fashion whereas
the liquid pressure is no longer steady but oscillating in nature.

The phenomenon of liquid pulsation observed during this simulated decompression
process emphasizes the importance of the role of intravascular bubbles in controlling
the gas elimination rate. In such a phenomenon, the gas bubbles released into the
liquid stream result in a sharp rise in the liquid pressure which reduces, in effect, the
driving force between the tissue and the liquid. This decreases accordingly the
elimination rate. But as the released gas is eliminated by the flowing liquid and
disposed of in the liquid reservoir (simulating the diver’s lungs), the liquid pressure
drops thus increasing again the driving force. More gas bubbles will then be released
into the liquid stream producing another rise in liquid pressure until the liquid washes
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the bubbles away to drop the pressure to its normal value. The cycle of gas release,
pressure build-up, elimination impairment, gas wash-out, and improved elimination
with subsequent gas release is repeated over a long period of time during the
decompression process. This time period, through which the flow pulsations are
sustained, depends primarily on the flow rate of the liquid perfusing the tissue such
that it is longer for small rates and shorter for larger flow rates as indicated in Fig.
3a, b, respectively.

Using the simple perfusion-limited model to describe the time variation of the tissue
pressure P as function of the tissue time constant 7, the tissue initial pressure P; and
the liquid back pressure Py, we have:

(P — Py)/(P, — Pg) = e~ (1)

where t is the time, s.

The gas pressure obtained from Fig. 3a, b, can be replotted on the semi-logarithmic
plane (P —Pg)/(P,— Pg) —t as indicated in Fig. 4a.

Such a linear plot provides a means for determining the tissue time constant 7 as it
is equal to the reciprocal of the slope of the line correlating the dimensionless tissue
pressure (P —Pg)/(P;—Pg) and the time t.

The time constant of the tissue perfused by water flow rate of 4.1 ml/s is shorter
than that of the same tissue with water flow rate of 8.7 ml/s (Fig. 4a). For a particular
dive condition (P;) and a specific decompression stop (Pg), there is an optimal flow
rate at which the elimination rate is maximum. For the particular conditions in Fig.
4a, this flow rate is 4.1 ml/s. Flow rates higher or lower than this optimal value will
result in slower elimination rates.

Such a phenomenon is attributed mainly to the interaction between the gas bubbles
and the perfusing stream. If the bubble wash-out process is not fast enough to carry
the released bubbles away from the tissue, the liquid pressure increases which in turn
results in an impairment of the elimination rate. At a high flow rate of 8.7 ml/s, the
wash-out process is fairly fast in that it carries the released bubbles away from the
tissue model almost as fast as they develop. Due to the large volume of these bubbles
as well as the resistance of the liquid stream, the bubbles accumulate downstream
raising the liquid pressure accordingly. This increase in the liquid pressure is followed
by a consequent reduction in the elimination rate.

At high liquid flow rates, liquid pressure builds up slowly to a peak nearly equal to
that developed at a lower flow rate. This is one of the reasons for impeding the
elimination rate at higher flow rates.

Figure 4b shows the effect of varying the decompression stop, Pg, for a particular
dive condition, P, = 2 ATA, and water flow rate = 2.09 ml/s, on the tissue time
constant. Surfacing to Py = 1 ATA results in the fastest elimination rate among all
of the considered decompression stops. Surfacing to Ps = 1.33 ATA, however, is
found to produce a faster elimination than surfacing to a shallower stop at Py = 1.17
ATA.

Figure 5a illustrates the effect of the initial tissue pressure and decompression stop
on the tissue time constant. For the considered range of initial tissue pressures and
for a liquid flow rate of 2.09 ml/s, elimination is fastest on decompression to P = 1
ATA and slowest if the decompression stop is at 1.66 ATA. Nonetheless, elimination
is not always higher when the driving pressure difference is the largest. For example,
if the initial tissue pressure is less than 2.46 ATA, then gas elimination is faster when
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stopping deeper at 1.33 ATA, where the driving force is small, than by stopping at
1.17 ATA where the driving force is much higher. This finding from a single tissue
model conforms with the physiological evidence found when monitoring the elimi-
nation rate of the whole body (15).

However, for P; > 2.46 ATA, the stops with the larger driving force become also
the stops that produce faster elimination.

To completely understand the role of intravascular bubbles on the simulated
decompression process, one should consider the maximum pressure developed in the
liquid stream as it may be the limiting factor for safe decompression.

Figure 5b shows the effect of the tissue initial pressure P; and the depth of the
decompression stop Pj on the pressure rise developed in the perfusing liquid stream.
The figure indicates that the stop, Ps = 1.66 ATA, which produces the lowest
elimination rate, also results in the lowest pressure rise. Therefore, such a stop can
be a safe stop, as it develops low pressure rise, but it is very conservative to the
extent that it delays considerably the surfacing.

On the contrary, the stop Py = 1 ATA that appears to be very efficient in releasing
the gases may be dangerous because it results in the highest pressure rise which may
be higher than the permissible limits.

If one, however, considers the stops in-between these limits, one would recommend
stopping deeper at Py = 1.33 ATA than stopping at the shallow stop Ps = 1.17 ATA.
This is not only because the elimination will be faster, as mentioned before, but also
because it is safer as the developed pressure rise is smaller.

Figure 6a, b shows the combined effect of the initial tissue pressure and the
decompression stop on the tissue time constant as well as on the maximum pressure
rise in the liquid stream, respectively, when the water flow rate is 4.1 ml/s. For a
water flow rate of 8.7 ml/s, the corresponding characteristics become as indicated in
Fig. 7a, b.

Comparison of Figs. 5a, 6a, and 7a shows that the elimination rate is generally
faster when the liquid flow rate is 4.1 ml/s for decompression stops Py of 1.66, 1.33,
and 1.17 ATA. However, when the decompression stop is at the surface (i.e., Py =
1 ATA) the elimination rate decreases considerably as the perfusate flow rate increases.
This phenomenon is attributed again to the accumulation of the washed out gases at
the downstream end of the tissue model and the consequent build-up of pressure in
the blood stream.

Figures 5bh, 6b, and 7b indicate a consistent drop in the maximum pressure rise
developed in the liquid stream. The figures show also that the stop that results in
faster elimination generally produces higher pressures in the liquid stream.

B. Tissue perfused with glycerine mixture

The effect of the viscosity of the perfusing fluid on the tissue elimination rate is
indicated in Fig. 8a, b for a 25% glycerine and water mixture flowing at rates of 1.6
and 12.8 ml/s, respectively. The same trends are seen as in Fig. 3a, b with water as
the perfusing fluid. The flow pulsations, however, extend over longer periods of time
in the glycerine stream than in the water stream even at much higher flow rates.
Furthermore, increasing the viscosity of the perfusing liquid is accompanied by a
noticeable reduction in the rate of gas elimination.
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A comprehensive analysis of the combined effect of the liquid viscosity and flow
rate on the elimination time constant as well as on the maximum pressure rise
developed in the liquid stream is presented in Fig. 9a, b, respectively, for different
values of initial tissue pressures. In these two figures, the combined effect of the
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liquid kinematic viscosity v and flow velocity V is described by the dimensionless
Reynolds number Ry defined by:

RN=V'dH/U (2)

where dy is the inner diameter of the hollow cylindrical model of the tissue through
which the liquid flows.

Figure 9a shows that, for the considered range of Reynolds number and for a
particular level of initial tissue tension, the elimination rate is faster when the liquid
perfusing the tissue is water. The glycerine mixture, being 2.25 times more viscous
than the water, results in a considerable impairment of the elimination rate, particu-
larly for values of Reynolds number higher than 200. Perfusing the tissue with the
glycerine mixture results also in the development of pressures that are higher than
those generated in the water stream as indicated in Fig. 96 for Ry > 350.

Accuracy of the results

Because the experiments were carried out on a mechanical analog of a tissue, it
was possible to reproduce the results with reasonable accuracy which is only limited
by the accuracy of measuring and interpreting the results. Repeating the tests at the
extreme limits of the monitored parameters showed a peak variation in the tissue
time constant of about + 6 s.

CONCLUSIONS

This study has presented a qualitative analysis of the role of simulated intravascular
bubbles in the gas elimination rates during the decompression process. The study
utilized a porous-hollow cylindrical tissue model whose elimination time constant,
for air, is found to vary between 0.5 and 7 min depending on the dive conditions and
depth of decompression stop. Such wide variation in the time constant is attributed
to the interaction between the developed intravascular bubbles, the liquid perfusing
the tissue as well as the tissue itself. Emphasis should not be on the absolute value
of the obtained time constants but rather on the general trends and phenomena
associated with the intravascular release of bubbles. This is because the time con-
stants can be increased by increasing the volume of the storage tank, for example, to
obtain values that are comparable to those of fatty tissues.

Qualitative analysis of the results shows, however, that the originally steady liquid
stream becomes pulsatile during decompression and the pressure pulsations extend
for periods of time that depend on the liquid flow velocity and viscosity. High flow
rates and low viscosity reduce the period of flow oscillation considerably. It is found
also that, for particular initial tissue pressure and decompression stop, there is an
optimal flow rate of the perfusing liquid at which the elimination rate is maximum.
The experimental results indicate that there is an optimal decompression stop for
each dive at which the gas elimination rate is maximum. Also, perfusion of the tissue
with a high viscosity fluid impaired considerably the elimination rate.

Although the results show trends that parallel reported physiological evidence, one
must point out that these trends should only be considered as qualitative in nature.
This is due to the fact that the tested rigid and porous cylindrical model of the tissue
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is too simple to simulate the complex geometry and flow conditions of a capillary-
vein network.

For example, the rigid tissue model does not allow the formation or growth of
extravascular gas bubbles although these bubbles have been considered by many
investigators (3-6) to be a source of impairment of gas elimination. But the rigidity
feature of the model was essential for studying the effect of intravascular bubbles
alone. In actual decompression processes, the gas elimination will be influenced by
the combined effects of intra- and extravascular bubbles.

Furthermore, the flow from the small diameter capillaries into the large diameter
veins requires the inner diameter of the tissue model to be smaller than the tygon
tubing draining it. But the tissue model is selected to have the opposite configuration
in order to reflect the physiological condition that the total cross-sectional area of the
capillary bed is larger than the cross-sections of the veins connected to it. The model
has a ratio of capillary to vein cross-sectional areas of about 1.73 which is very close
to the 1.91 ratio estimated for the human body (27). The considered range of Reynolds
number is, however, higher than that encountered in the actual capillaries, mainly
because of the practical physical dimensions of the model. These factors would
therefore influence the actual rates of bubble washout in the human body during
decompression and accordingly extrapolation of the observed results to the physio-
logical systems would be invalid.

Extension of the work on a soft tissue model would be necessary for studying the
combined effect of intra- and extravascular bubbles of air and other inert gases.
Monitoring of the bubble formation and growth intra- and extravascularly will provide
greater insight into the mechanism of decompression. Direct physiological monitoring
techniques are essential to support quantitatively the phenomena reported here on
the mechanical analog of the human tissue.

The study has, however, emphasized the role that intravascular bubbles have on
the elimination rate during decompression.

Manuscript received for publication July 1983; revision received July 1985.

Baz A, Abdel-Khalik SI. Effet des bulles intravasculaires sur le débit de perfusat et les taux
d’élimination des gaz apres la décompression simulée d’'un modele tissulaire. Undersea Biomed
Res 1986; 13(1):27-44.—Cette étude porte sur |'enregistrement des taux d’élimination des gaz
d’un modele cylindrique poreux de tissus humain durant des profiles simulés de décompression
a simple palier. Les données suggeérent la présence d'un palier de décompression optimal pour
chaque plongée auquel le taux d’élimination des gaz est maximum. L'effet produit par la
variation de la vitesse de débit et la viscosité du liquide de perfusion du modele tissulaire sur
le taux d’élimination est déterminé pour différentes conditions de plongée. Méme si cette
étude a été effectuée sur un modele tissulaire unitaire, elle offre un moyen pour expliquer
certains phénomeénes physiologiques observés dans les tissus humains.

bulles intravasculaires
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