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Abstract:

Vascular gas bubbles are routinely observed after scuba dives using ultrasound imaging, however the precise
formation mechanism and site of these bubbles are still debated and growth from decompression in vivo has not
been extensively studied, due in part to imaging difficulties. An experimental set-up was developed for optical
recording of bubble growth and density on tissue surface area during hyperbaric decompression. Muscle and fat
tissues (rabbits, ex-vivo) were covered with nitrogen saturated distilled water and decompression experiments
performed, from 3 to 0 bar, at a rate of 1bar/min. Pictures were automatically acquired every 5s from the start of
the decompression for 1h with a resolution of 1.75 μm. A custom MatLab analysis code implementing a circular
Hough transform was written and shown able to track bubble growth sequences including bubble center, radius,
contact line and contact angles over time. Bubble density, nucleation threshold and detachment size, as well as
coalescence behavior, were shown significantly different for muscle and fat tissues surfaces, whereas growth
rates after a critical size were governed by diffusion as expected. Heterogeneous nucleation was observed from
preferential sites on the tissue substrate, where the bubbles grow, detach and new bubbles form in turn. No new
nucleation sites were observed after the first 10min post decompression start so bubble density did not vary after
this point in the experiment. In addition, a competition for dissolved gas between adjacent multiple bubbles was
demonstrated in increased delay times as well as slower growth rates for non-isolated bubbles.
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Introduction

Decompression sickness (DCS) is a pathophysiology caused by gas bubbles which grow in the body during a
reduction in ambient pressure (decompression) that can affect divers, astronauts, pilots and compressed air
workers [1]. With over 7 million active recreational scuba divers worldwide [2, 3] and new evidence for
potential long term effects even in recreational divers who never had symptoms [4], it is alarming to note that
scuba divers who follow current decompression procedures can still get DCS. Vascular gas bubbles are
routinely observed even after asymptomatic SCUBA dives using ultrasound imaging and are considered a key
element in the potential development of decompression sickness. The precise formation mechanism and site of
these bubbles is still debated [5] and bubble growth from decompression in vivo has not been extensively
studied, due in part to imaging difficulties [6].
Previous experiments on decompressed rats [7-10] looked at bubble growth/shrinkage on muscle and fat
depending on the gas breathed. However, the main difficulty to date has been that the set-ups do not allow for
real time observation of bubble growth during the decompression and tissues/animals have to be taken out of the
chamber to be observed. For animals, the difficulty in locating bubbles means that bubbles often have to be
injected [10]. For tissues, in addition to the potential problem from dislodgment of bubbles with movement
(opening chamber and taking samples out), the observation is then often done in non-ideal conditions such as
waiting for the bubbles to float [11-13].
The first aim of this study is thus to develop a new experimental set-up to allow for the first time real time
observation during decompression of bubble growth from desorption of inert gases out of solutions on tissue
substrates. In order to quantify the different parameters that could influence inception delay times, growth rate,
detachment and multiple bubble behavior, this set-up should allow for different gases and liquid compositions,
temperature control, as well as optical recording of both bubble density per unit surface and precise bubble
growth rate.
Higher subject fat percentage has been demonstrated as a risk factor for higher bubble grades post dive [14, 15].
Although not fully understood, adiposity as a risk factor for developing decompression sickness (DCS) has been
discussed for decades. It is usually attributed to either nitrogen solubility and diffusion arguments, or fitness-
related variability in subjects’ ability to cope with bubbles. We hypothesize that, in addition to nitrogen uptake
and subject cardiovascular fitness, the hydrophobicity of adipose tissues may facilitate bubble growth during
decompression.
The second aim of this study is therefore to investigate the role of the tissue substrate (surface), mainly of fat
and muscle ex-vivo rabbit tissues since fat and muscle have been used most in newer decompression modeling
efforts [16-19], in the decompression induced bubble growth rate and density with nitrogen taken as the inert
gas.
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Material and methods

Experimental Set-Up Developed

Figure 1 shows the different components of the set-up which allows for the first time the observation in real time
during decompression of the growth rate of selected bubbles, but also bubble density per unit surface area,
comparing how these vary for different tissue surfaces, decompression profiles, gas saturated liquid composition
and temperature. Two configurations for optical acquisition were optimized to allow for subsequent semi-
automated data analysis using image processing techniques: for growth data of individual bubbles maximum
magnification and lighting straight from the back of the chamber, and for density data with lesser magnification
and acquisition at an angle to look at a number of bubbles per surface area (calibrated with millimeter paper to
get field of view precisely). The resolution of the optical system was assessed from calibration against a known
thickness wire of 56μm.

Figure 1: Top view schematic of experimental set-up, showing liquid (in blue) and gas (in red) pressure
flow systems

Experimental Procedure

After Ethics Committee approval (59001/536) in accordance to EU Directive 2010/63/EU for animal
experiments, ex-vivo muscle and fat tissues from rabbits were obtained for the experiments and all animal
handling was done by our collaborators in the veterinary school (see acknowledgements). Rabbits (male, 3
months old, n=8) were anaesthetized then euthanized by injection of sodium pentothal and potassium chloride
respectively. Excised dorsal subcutaneous white adipose tissue and quadriceps muscle samples were then
extracted within 15 minutes and placed directly in physiological saline. These were stored at 4°C for
preservation and used in the experiments within 48h. The tissues were covered with nitrogen saturated distilled
water and eight decompression experiments performed, from 3bar to 0bar, at a decompression rate of 1bar/min
as described thereafter.

The following description relates to our particular experiment, however different gases, liquids, tissues and
temperatures could be used with this set-up. A compressed nitrogen tank is used to saturate distilled water at just
above 3bar (taking reference of 0bar atmospheric pressure) in the water liquid saturation tank which is
temperature controlled with a PID device at 25°C. The tissue is carefully placed in the glass container in the
chamber, after switching on the dive torch used for back lighting the tissue and bubbles in order to get good
quality images for image processing thereafter (black bubbles on a light background). The pressure chamber,
also temperature controlled using another PID device at 25°C, is pressurized to 3bar above atmospheric pressure
using compressed air. The liquid saturation tank valve is then opened for the liquid to flow into the pressure
chamber through a tube connected to the custom made glass compartment with the ex-vivo tissue. The liquid
entry valve of the chamber is then closed again once the tissue is covered completely. The camera used for
optical acquisition is refocused (water entry changes the refraction) and automatic acquisition every 5s started to
coincide with the start of the decompression, done at a rate of 1bar/min (equivalent to 10msw/min) without
interruptions from the initial saturation of 3bar (30m depth equivalent) to 0bar (surface pressure) with a needle
valve.

Figure 2: Photograph showing the optical acquisition system and the temperature controlled small
pressure chamber, as well as an example result

Image Processing

A custom MatLab1 image processing code was written for bubble tracking in successive frames, based upon a
Hough transform for circle pattern recognition [20-22]. The program identifies the bubble radii and center
positions, tracking those over a time sequence of pictures, then outputs the results in an excel file for analysis. In
addition, figures displaying the original picture and overlaying the bubbles centers and radii are also created and
saved. The program successfully tracks bubble growth over time. Conflict resolution if multiple radii and/or

1 All data processing was performed off-line using a commercial software package (MATLAB 7.13, The
MathWorks Inc., Natick, MA, 2011)
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centers are found, as well as consistency checks, are implemented to ensure correct results are output to the
excel file. The main steps of the code are shown on Figure 3.
The sequence for bubble recognition using the Circular Hough Transform feature extraction is fully automatized.
However, in practice it is convenient to have the user select a small range of radii as the algorithm input in order
to accelerate the running time of the program which can take tens of minutes when the sequence of picture is
long for a search over a wide radius range (over 50 pixels). A simple GUI was therefore created to speed up the
process: it asks the user to manually select all the pictures to analyze for a sequence (with possibility to input
more than one sequence at a time), displays the first and last pictures for the user to draw the bubble outline and
input the time delay between successive pictures (taken 5s apart in our experiment), and initialize the algorithm
from these user inputs (namely region of interest and radius range).

Figure 3: Flowchart of analysis code in MatLab. CHT : Circular Hough Transform; DMP : Decision
Making Process to keep only one radius and center per bubble if multiple choices given in CHT output,
by taking into account the previous frame output for centers and/or ROI and/or radius value (depending
on user choice for DMP input parameters).

Theoretical analysis for bubble growth

Gas bubble growth on a substrate due to decompression is a complex physicochemical process. A detailed
mathematical formulation is not given here but the key issues of the process are described. The difference
between the instantaneous gas concentration in the liquid phase from the gas solubility (equilibrium, i.e.
maximum, dissolved gas concentration) at the specific thermodynamic conditions (temperature, pressure) is the
driving force for bubble growth. The motion of the gas-liquid interface as a bubble grows induces motion to the
surrounding liquid. Gas has to be transferred inside the liquid flow field by diffusion and convection in order to
reach the bubble surface. The pressure in the bubble increases with respect to the liquid pressure by the Laplace
pressure term (surface tension effect) and the pressure needed to support liquid motion (as described by the
Rayleigh-Plesset equation [23]). The shape of the bubble is spherical for diameters less than 1mm [23] (more
specifically spherical segments for non-zero contact angle). Finally, the bubble interior consists of desorbed gas
and vapour (to account for vapour pressure). In addition to the above general considerations, a total balance of
the dissolved gas is needed for the particular experimental set up used here since gas is consumed gradually due
to creation and growth of bubbles.

In principle, a bubble growth mathematical model must account for all the above issues. Fortunately a great deal
of simplification is possible under the present experimental conditions:

i) the experiments showed bubble growth rates of the order of few micrometers per second. For such growth
rates the overpressure needed to keep the liquid motion is insignificant and the bubble pressure is simply the
sum of the ambient and the Laplace pressure [24].
ii) The water vapour pressure at the experiment temperature of 25°C is less than 0.03 bar which means that the
water vapour molar fraction in the bubble is less that 3% so it can be safely ignored. The bubbles can be
assumed to consist only of gas.
iii) The measured contact angles are relatively small so the bubbles can be assumed to be approximately whole
spheres (and not spherical segments).
iv) The relative significance of convection and diffusion of the dissolved gas on bubble growth is determined
through the so called Foaming number [25]. The Foaming number is given as (C-Ceq)/ρg where C is the initial
dissolved gas concentration (at 4 atm), Ceq the equilibrium dissolved gas concentration (gas solubility) at the
final pressure (1 atm) and ρg the gas concentration in gas phase at the final pressure. These assumptions are
possible due to the fact that the decompression time is small compared to the experiment time and it can be
assumed that the bubble growths occur after the decompression is over, under a constant pressure of 1 atm.
v) A global balance of the dissolved gas considering the nucleation rate, the bubble size and the dissolved gas
concentration reveals that the reduction of the dissolved gas concentration during the experiment is small and
can be neglected (due to large liquid volume so C remains constant during the experiment).

The Foaming number in the present experiment is therefore found to be 0.045. This small value indicates
domination of diffusion over convection which means that the latter can be ignored. Discard of convection is a
major simplification which disconnects the liquid flow field from the bubble growth problem. The above
assumptions may lead to an error of a few percent which is below the resolution capabilities of the experimental
technique so there is no point to care to relax them by employing far more complex models.
Solution of the pseudo steady diffusion equation in the liquid domain combined to a bubble gas balance leads to:
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where R is the bubble radius, Rg is the gas constant, t is time, T is temperature, D is gas in liquid diffusivity and
γ is the surface tension. A mathematical analysis can show that the effect of surface tension term for bubbles
with radius larger than 20 μm is comparable to the resolution of the experimental data so it can be safely ignored
leading to:
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, [eq.2]

The parameter α is of particular importance and it is related to the geometry external to the bubble domain (i.e. it
results from the solution of the diffusion equation in this domain). Two exact values is α=ln(2) [26] for bubble
growing on a flat substrate and α=1 for bubble growing in infinite liquid domain. In principle, the relative
curvature of the substrate can change as bubble grows but this variation is general small so a constant in time α
has been assumed. According to the above analysis, the only reason for observing differences in the growth rate
is the local geometry of the substrate around the nucleation site. There is an exception to the above statement in
case of proximity of two nucleation sites (two adjacent bubbles). The concentration field around the bubble
diminishes as R/r (r is the radial distance from the bubble) so two bubbles at short distance from each other
exhibit reduced growth rates.

Data Fitting and Statistical Methods

According to the theoretical analysis the bubble radius evolution curve has the form R=At0.5. Direct use of the
above equation to fit experimental data requires the exact knowledge of the bubble creation (inception) time.
This is not possible due to the singular character of the growth equation at t=0 (infinite growth rate) and the
experimental finite bubble detection ability. So it is found very fruitful to estimate bubble creation moment by
using it as fitting parameter.

Bubble radii over time were fitted with a constrained power law as it is expected [6] that the mass diffusion
growth curves should follow the form:

�(�) = � �0.5, [eq.3a]

where R is the bubble radius, t time taken from the inception of the bubble and A a constant.

The exact inception (time-of-onset of nucleation) time � = 0 is not known since there is a resolution limit to the
optical set-up, as well as a time delay of 5s between successive pictures. This inception time, �0, is therefore
extracted from the observed time-dependence of the bubble radius, by re-writing [eq.3a] as:

�(�) = � (� − �0)0.5. [eq.3b]

In order to fit growth curves to equation 3 and estimate the A coefficients as well as the goodness of fit (�), the
exact bubble inception time �0 is therefore estimated by squaring both sides of equation 3b and fitting a linear
equation with constrain � > 0,

� = � � + �, [eq.4]

where by design �(�) ≡ �2(�), � ≡ � and �0 ≡ −�
�
.

All data is presented as mean +/- standard deviation. Statistical comparison tests between the muscle and fat
quantities measured were performed with Mann-Whitney U test after negative normality test. Statistical
significance levels were set at p<0.05 (*), p<0.01 (**) and p<0.001 (***).
Results
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An experimental set-up was developed to allow for the observation of bubble growth rate during decompression
on ex-vivo tissue surfaces. A total of 22 experiments were performed without any decompression stop (3bar to 0
bar at a rate of 1bar/min): 11 with fat tissue substrate (6 with the camera focused for growth and and 5 primarily
with the camera focused on density) 11 with muscle tissue substrate (6 with the camera focused for growth and
5 primarily with the camera focused on density). The bubble growth observed from the experiments happen in a
cyclic manner from nucleation sites. The phenomenon observed is typical of heterogeneous nucleation where a
bubble starts growing from a preferential site (nucleation site) until it finally detaches and floats, then another
bubble grows from that same site, etc in a cyclic manner [27].
With the 12 experiments where the camera was focused for growth sequences, a total of 74 bubble growth
sequences were observed (35 on fat tissue substrate of which 20 contained multiple bubbles in the field of view,
and 39 on muscle tissue substrate of which 25 contained multiple bubbles in the field of view). There were also
16 sequences of bubbles growing from below camera resolution, 15 sequences observed until bubble
detachment and a total of 23 sequences with good enough quality on the substrate to extract contact lines and
contact angles.

System Evaluation

The experimental set-up allows the accurate and sensitive optical recording of bubble growth and density on
tissue surface area measurement (field of view of 6.38 x 4.25 mm2, with a resolution of 1.75 μm) during
hyperbaric decompression. The semi-automated analysis code is able to track bubble growth sequences
successfully (with a maximum associated radius error of ± 2 μm) and implementation time is significantly
reduced from the user initialization of the radii range.

Bubble Density

A significant difference in density of bubbles formed on muscle and fat was found, respectively 4.2 ± 1.5 and
8.4 ± 3.4 cm-2 (Figure 4), with significance set at p<0.05. The densities were measured at 30min post
decompression start since the cyclic growth observed means no new nucleation sites are observed in practice
after about 15 min post decompression start, and the bubbles per surface area stay roughly constant throughout
the experiment after that point (minus bubble floating before new bubble appears for some seconds). It should
be noted that the nucleation sites are not equally distributed on the tissue surfaces and some areas have more
densely packed bubbles than others.

Figure 4: Bubble density comparison between fat (n=11) and muscle (n=11) tissue substrates

Growth Rate

All bubbles observed growing from below resolution were fitted to a constrained power law, as it is expected [4]
that the mass diffusion growth curves should follow the form: � � = � �0.5, where � is the bubble radius, �
time taken from the inception of the bubble and � a constant. Goodness of fit was very good (� coefficients for
muscle and fat were 0.95 ± 0.076 and 0.97 ± 0.036 respectively), and no significant difference between the two
tissues was found for the A coefficients (9.8 ± 4.1 and 9.0 ± 1.2 respectively for muscle and fat tissue substrates).

Taking all single bubbles observed, not only the ones observed from below resolution size, fitting with the radii
with the expected mass diffusion growth curves showed a goodness of fit such that � coefficients for muscle and
fat were 0.98 ± 0.02 and 0.97 ± 0.03 respectively, and again no significant difference between the two tissues
was found for the A coefficients (11.0 ± 8.57 and 12.4 ± 8.73 respectively for muscle and fat tissue substrates).
The superimposed bubble growth curves for both muscle and fat tissue substrates from calculated bubble
inception time are shown in figure 5.

Figure 5: Superimposed muscle (red) and fat (blue) bubble growth data

Using the experimental conditions and the physical parameters of nitrogen, the value of A for the present
experiments is found to be 12.6α0.5μm/s0.5. Considering the typical geometry dependent range of α (0.7 to 1), it
is clear that this value is very close to the average experimental values. The theory predicts the magnitude of A
and the small difference between its value for different substrate geometries. On the other hand, the
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experimental scatter in A values cannot be explained at present. Arguments regarding the local consumption of
dissolved gas (in contrast to the global consumption which has been deemed insignificant) seem plausible to
justify a range of A values instead of a single value. Interestingly, modifications of the nucleating sites by
geometric abrasions on a controlled surface was shown to affect bubble detachment size as well as produce
deviations from Scriven behavior [28].

Detachment Size and Delay Times in Cyclic Growth

Cyclic bubble growth delay times (after the first nucleation delay) are not found significantly different: 5±3 s for
fat versus 7±5 s for muscle. Detachment sizes (last size before bubbles float) are significantly different: 439 ±52
μm for fat versus 213 ±52 μm for muscle (Figure 9), possibly due to the differences in geometric and/or wetting
properties of the substrates.

Figure 6: Bubble radius at detachment (left, fat n=8, muscle n=7) and delay times between bubbles
growing from same nucleation site (right, fat n=7, muscle n=6 and multiple n=6), for muscle and fat tissue
substrates

The observation that detachment size for bubbles on muscle tissue substrate is significantly less than for fat
tissue (fig.6) is also reflected in figure 5 showing more smaller bubbles compared to bigger ones on muscle.

Contact Lines and Contact Angles

Image processing results for contact line and contact angles are shown in figure 7.

Figure 7: Example bubble tracking result from custom MatLab code

In the five cases where the bubble subsequently detaches the contact line shrinks dramatically during that
sequence as expected. Excluding these however, for each individual sequence no clear trend is visible in terms
of evolution of the contact line and contact angle. Since the rate of bubble growth is slow, this could be due to
the time of observation of each sequence combined to the fact that the quantities discussed here are the apparent
contact lines and angles (with a higher associated measurement error, possibly due to microstructures or uneven
tissue surface). A more representative measurement would therefore be to superimpose all contact angles and
contact lines measured.

Mean contact angle and contact line distance evolution over time from calculated bubble inception time (in the
same manner as what was presented for figure 5) were thus plotted and slopes of the evolution fitted linearly
extracted (n=23). The mean contact angle was shown to decrease over the bubble growth time (y = - 0.014 t +
35, � = 0.54), whereas the contact line trend was shown positive (y = + 0.04 t + 116) but with only � = 0.1
making this a weak trend.

For a gas bubble growing from a substrate’s cavity, it is expected that the contact angles will shrink as the
bubble grows outward if it remains spherical which is the case in our experiment. The question remains as to
whether the contact line stays anchored at the mouth of the cavity during growth. All but three of our data
regarding CL/CA come from the fat tissue substrate (no difference was immediately obvious between the
muscle and fat ones, however not enough data is available to conclude) and fat is supposed to be hydrophobic
from the literature [13, 29]. It is expected that a bubble growing on a hydrophobic surface will free itself from
the cavity’s mouth and thus its contact line would be shown to increase over its growth time [30]. This is still
plausible from our results given the positive slope found for the contact line over bubble growth time, however
the weak correlation (� = 0.1) together with the fact that the contact angles measured on fat are consistently
well below 90° point to our substrate not being particularly hydrophobic in this case.

Multiple Bubbles: competition for dissolved gas and coalescence behavior
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A competition for dissolved gas between adjacent bubbles is demonstrated in increased delay times in cyclic
growths from the same nucleation site once a bubble has detached (fig. 6), as well as slower growth rates for
non-isolated bubbles. The growth rate of bubbles growing close to each other departs for the constrained
parabolic law fitting, which is evidence for dissolved gas competition amongst multiple bubbles growing in
close proximity. For multiple adjacent bubbles, the � coefficients for muscle and fat were indeed significantly
worse than for single bubbles at 0.84 ± 0.20 and 0.92 ± 0.08 respectively. Interestingly, in almost all cases one
bubble of the adjacent multiples seemed to dominate in the competition for dissolved gas from the liquid as
demonstrated by a � closer to the single bubbles’ and the rest of the bubbles showed significant departures from
the expected mass diffusion growth curves (with � as low as 0.38).
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Discussion

Results from this first study indicate that, by effectively decoupling the effects from tissue gas absorbance rate
and tissue surface, it is possible to ascertain that tissue surface also plays a role in the difference observed
between fat and muscle bubbles and that this is not solely due to fat tissues absorbing more inert gas as is often
quoted in historical physiological papers. The key novelty in this work, however, remains the development of an
experimental set-up, as well as specific data processing software, for studying decompression induced bubble
growth rate and density on ex-vivo tissue surfaces that we consider as “dead” (not metabolizing), with real-time
optical imaging acquisition and full temperature control, down to μm resolution. This method can be directly
extended to the study of different pressure profiles, gas mixtures, tissues or other substrates, temperature
regulations and liquid compositions, etc. In addition, in vitro or in vivo experiments in the small decompression
chamber could also be considered with the same imaging and data processing capabilities as described presently.

The use of a circular Hough transform based algorithm has the clear advantage of complete robustness if the
bubble grows slightly out of the focus plane field, as the principal radius component is picked up through an
ordered voting process. In addition, lighting the bubbles from the back permits to focus the camera in the exact
center of the bubble when first observed as they appear black with a fine white inner circle due to the light set-
up chosen. Combined to the facts that the optical acquisition is done automatically from the outside of the
chamber and the temperature controlled throughout the experiment, this allows for the most precision of the
measurements as the set-up is properly sealed throughout the measurements with samples not even touched (and
indeed anecdotally on touching the small decompression chamber without even attempting to open it bubbles
were seen to immediately start to float).

For multiple bubbles growing in close proximity, it was shown that the � goodness of fit coefficient for
parabolic growth is on average less good than for single bubbles. Interestingly the standard deviation is also
significantly increased. This is due to the fact that in most cases of multiple bubble growths there is one bubble
that dominates (with higher R² almost comparable to single bubbles) and the other growing significantly slower.
This competition for dissolved gas is also demonstrated in the significant bigger delay times between successive
bubble cycles growing from the same cavity when multiple bubbles are present (fig. 6).

If this competition for dissolved gas which has been demonstrated for instance in heat transfer bubble growth in
microgravity experiments [31], from the liquid is correct, it is expected that the average � coefficient for
multiple bubbles’ growth fitting will drop as the distance between two adjacent bubbles decreases or as the
number of adjacent bubbles increases. In addition, above a certain distance threshold between bubbles it is
expected that the deviation from single bubble behavior will be negligible.

As a very preliminary test for this hypothesis and as a means to generate a hypothesis for further validation
studies, taking only the cases where there are only 2 adjacent bubbles and both are in focus, figure 8 shows the
trend for the � coefficient against the inverse of the distance between bubble centers in μm. However, the
scarcity of available data does not permit to conclude solidly on this yet and more observations are needed. This
is difficult in practice as the position of appearance of the bubbles with respect to the focusing and field of view
of the camera is luck and in our experiments, despite having hundreds of bubble sequences only 4 cases with
only two bubbles and both in focus are recorded. Nevertheless, from this preliminary analysis shown on fig. 8, it
is expected that above around 100μm distance between the centres of the bubbles then the results will be
comparable to single growth bubbles where competition for dissolved gas is negligible.

Figure 8: Inverse relation between distance between 2 adjacent bubbles and their average � coefficient

The multiple bubble behavior also differs between fat and muscle tissue substrates, with bubbles on muscle
growing until merging and the dominant bubble then suddenly increasing its radius (such the total volume of the
merged bubble corresponds to the sum of volumes of the previous bubbles), whereas multiple bubbles on fat
grow until they touch each other and coalesce without merging. This was observed in all bubbles seen to grow
to the point where they touched each other. In both cases a translational motion (as in [32]) of the bubbles
toward each other is often observed with the slower growing bubble moving preferably towards the dominant
one.

Initial nucleation delays for the different tissue substrates can be extracted from the bubble density observations,
reflecting the number of nucleation sites, the growth rate, detachment size, as well as delay between bubble
cycles information. Looking at the bubbles which are first generation cycles only, the initial distribution of delay
times for fat is found to be 180±106s post decompression start and for muscle 155±59s post decompression start.
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This approach, together with the different multiple bubble behavior from different tissues, could be used to feed
initial parameters and strategies for decompression models in the future.
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Conclusions

In conclusion, we describe an experimental set up developed for recording bubbles growth rates on tissue
surfaces from gas saturated solutions during a reduction of ambient pressure (decompression), as well as bubble
density per tissue area. Although the experiment reported here treats of the case of air saturated distilled water
and ex-vivo rabbit muscle and fat tissues from 3 to 0 bar decompression at 1bar/min, this can be extended to
other liquid or gas properties and composition, temperatures, decompression profile and nucleation site (tissue
surface structure and hydrophobicity).
Muscle and fat tissues from rabbits show significantly different bubble densities with the same decompression
profile (3 to 0 bar) but similar growth rates once the bubble has reached a critical size. Heterogeneous nucleation
is observed from preferential sites on the tissue substrate, where the bubbles grow, detach and a new bubble
forms from the same site in turn. Bubble density, the number of bubbles per unit area (measured at 30min post
decompression start), is found significantly different between the two tissue types with more sites on fat
observed. Cyclic bubble growth delay times (after the first nucleation delay) are not found significantly different:
5±3 s for fat versus 7±5 s for fat, nor are the initial delay distributions. Detachment sizes (last size before
bubbles float) are significantly different: 439 ±52 μm for fat versus 213 ±52 μm for muscle. Finally, a
competition for dissolved gas between adjacent bubbles is demonstrated in increased subsequent delay times as
well as slower growth rates for non-isolated bubbles.
The role of the tissue substrate, decoupled from the absorption of gas with this new experimental set-up, is
therefore demonstrated to also play a role in bubble growth, merging/non-merging behavior, as well as
detachment from decompression.
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