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Bubbles nucleate and develop after decompression at active spots on the luminal aspect of ovine
large blood vessels. Series of bubbles were shown to detach from the active spot with a mean
diameter of 0.7-1.0mm in calm conditions. The effect of mechanical disturbance (striking the bowl
containing the vessel or tangential flow) was studied on ovine blood vessels stretched on microscope
slides and photographed after hyperbaric exposure. Diameter on detachment after a heavy blow to
the bowl was 0.87 +0.43 mm (mean =+ SD), no different from bubbles which detached without strik-
ing the bowl (0.86 +£0.28 mm). Bubble diameter on detachment during pulsatile tangential flow at
234 cm/min, 0.99 +0.36 mm, was not smaller than that seen in the same blood vessels in calm con-
ditions (0.81 4 0.34 mm). The active spots were stained for lipids, proving their hydrophobicity. The most
abundant active spots, which produced only a few bubbles, did not stain for lipids thereafter. The pos-
sibility that phospholipids were removed along with detached bubbles may correlate with acclimation
to diving. The finding of bubble production at the active spots matches observed phenomena in divers:
variable sensitivity to decompression, acclimation to diving, the effect of elevated gas load on increased
bubble formation, a higher bubble score in the second dive on the same day, and unexplained neuro-
logical symptoms after decompression. Large bubbles released from the arterial circulation give serious
cause for concern.
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1. Introduction

It has been shown that tiny, flat gas nanobubbles measuring
5-100 nm form spontaneously when a smooth hydrophobic surface
is submerged in water containing dissolved gas (Tyrrell and Attard,
2001; Yangetal.,2007).In our previous studies (Arieli and Marmur,
2011,2013a),these nanobubbles were shown to be the source of gas
micronuclei from which bubbles evolved during decompression on
smooth hydrophobic silicon wafers.

We have also shown that hydrophobicity on the luminal aspect
of ovine large blood vessels, the aorta (AO), pulmonary artery and
vein (PA, PV), superior vena cava (VC) and right and left atrium,
may be the source of bubble nucleation and growth following
decompression of a stretched blood vessel under saline (Arieli and
Marmur, 2013b).
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We further found (Arieli and Marmur, 2014) that there are active
spots on the luminal aspect of ovine large blood vessels (AO, PA, PV
and VC) at which bubbles nucleate and develop after decompres-
sion. Each spot produced a series of bubbles after decompression,
and the occurrence of these spots was highly variable within
the vessels and between sheep. Under calm conditions, bubbles
detached from the active spot with a mean diameter of 0.7-1.0 mm.
The calculated attachment force between the bubble and the active
spot was 4.5 x 10> N. Bubbles as large as this in the arterial circu-
lation (AO, PV and left atrium), could have a serious effect on the
central nervous system.

However, conditions in vivo are not calm at all; pulsed blood
flow may sweep bubbles off the luminal aspect of the vessel before
they develop and grow. Using hydrophobic silicon wafers, we
showed that the tangential force for detachment of a bubble was
half the normal force (Arieli and Marmur, 2013b). If this were true
for a blood vessel, the bubble would become detached when the
tangential force applied by the flow exceeded half the normal force
for detachment.
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The purpose of the present study was to investigate the actual
attachment force and bubble size on detachment when a mechani-
cal disturbance was produced. The pulse effect of in-vivo blood flow
was imitated by administering a heavy blow to the Pyrex bowel
containing the vessel. The effect of flow was studied by recirculating
the supersaturated saline to produce horizontal, pulsatile flow over
the stretched blood vessel. We have previously demonstrated both
local hydrophobicity (Arieli and Marmur, 2014) and bubble pro-
duction from active spots in large blood vessels of the sheep (Arieli
and Marmur, 2013b); however, hydrophobicity was not proved for
the active spots. This was now done by staining the blood vessel
for lipids after the location of active spots by observing their bub-
ble production, and the search for a match between lipid staining
and the active spots.

2. Methods
2.1. Tissue preparation

The complete heart and lungs from 12 slaughtered sheep (taken
on separate days) were obtained at the abattoir, and on removal
intact from the thoracic cavity were immediately immersed in a
cooler filled with saline. In the laboratory, under saline and without
any exposure to air, samples (area 10.1 4+ 2.2 cm?, mean + SD) from
the PA, PV, AO and VC, were gently stretched on microscope slides
using metal clips with the luminal aspect exposed. Because the
metal clips tended to rust during the exposure they were stained
with anti-rust. Two slides were placed without exposure to air on
the bottom of two Pyrex bowls (diameter 26 cm, height 5 cm) under
2.5cm saline. The other two slides were kept under saline in the
refrigerator for the next day.

2.2. General protocol

2.2.1. Procedure

The bowls containing the samples were transferred to two dif-
ferent 150-1 hyperbaric chambers (Roberto Galeazzi, La Spezia,
Italy). Pressure was elevated at a rate of 200 kPa/min to 1013 kPa, 90
metres sea water (msw), and remained at that pressure overnight
(20.5+2.3 h, mean & SD). This prolonged exposure and high pres-
sure were needed because of the long diffusion distance, in order
to achieve an appreciable gas concentration near the vessel. This
was calculated using mirror and Gaussian functions (Appendix 1).
For example, gas tension after 20 h was calculated to amount to
228 kPa (13 msw) near the blood vessel.

In the morning, one of the chambers was decompressed at arate
of 200 kPa/min. The bowl was placed carefully on a nearby table
for photography. We immediately started automated photograph-
ing (Canon EOS 500d with a macro lens 100 mm, F/2.8 EF USM), at
1-s intervals for one hour. After the first 30 min of photography,
the battery and memory card were replaced and photography was
resumed for the second 30 min. The 1-h sampling time was chosen
because we found previously that after an hour the rate of bubble
production began to drop (Arieli and Marmur, 2013b). At the end
of the 1 h of photography, the slides with the tissues were removed
and photographed against graph paper for later scaling.

The same protocol was followed for the bowl in the second
chamber, for the remaining two blood vessel samples from the
same animal, and for the samples from each of the other sheep.

2.2.2. Staining

The slides with the blood vessels were preserved in formalin
(10% formaldehyde). Vessels were later stained for lipids using Oil
Red O (Sudan III, S4136-25G, Sigma Aldrich, St. Louis, MO, USA).
Blood vessels were rinsed with distilled water and immersed in

propylene glycol. The dye was prepared according to the instruc-
tions: dye in propylene glycol was stirred while being heated to
95°(C, filtered, and left overnight before the second filtering. After
20 min under the dye solution the vessels were immersed in 85%
propylene glycol, after which they were rinsed in distilled water.
Vessels were then photographed.

2.2.3. Diameter on detachment

The photographs of each sample were examined in sequence
until detachment of a bubble was observed, and the time was noted.
The camera was focused on the tissue-saline interface, and when a
bubble detached and started floating upwards it went out of focus
(for details see Arieli and Marmur, 2014). Bubbles produced near
the edges of the tissue were not taken into consideration, and there-
fore the last 1 mm to the edge of the tissue was not included in
the analysis. The area of the blood vessel samples and the diam-
eter of a bubble just before detachment were measured using an
image processing programme (Image-Pro-Plus, Media Cybernetics
Inc., Bethesda, MD, USA).

2.3. Bowl-striking protocol

Samples from 6 sheep were used in this protocol. At 20, 40 and
55 min from the end of decompression, the bowl was struck a heavy
vertical blow with a metal rod. Care was taken not to cause damage
to the bowl. This blow caused bubbles outside the blood vessel to
float upwards, and such a blow would certainly cause bubbles to
rise in a carbonated drink. Before the blow was delivered, the metal
rod was presented for 1s to the camera to mark the timing. This
was followed immediately by the blow being struck. The diameter
of bubbles which detached within 2 s of the blow being delivered
were compared with the diameter on detachment measured in
calm conditions.

2.4. Tangential flow protocol

For the saline flow, we used a peristaltic pump producing a flow
of 100-1000 ml/min (Major Science, MU-DO1, Saratoga, CA, USA).
The flow was pulsatile and therefore closely imitated pulsatile arte-
rial flow. The actual flow was calibrated, and was linearly related
to the number of revolutions per minute (rpm). A funnel-shaped
bottle was placed next to the slide with the stretched blood vessel.
Outflow from the bottle was via a horizontal slit 5mm high and
5.5 cm wide, with the lower edge of the slit facing the vessel and
close up to it. The saline was delivered in a horizontal flow over the
blood vessel (lower panel, Fig. 1). A metal weight was placed above
a hole in the top of the funnel-shaped bottle to prevent it floating,
and once in a while was raised to allow the release of accumulated
gas. When in place, the weight plugged the hole.

The range of systemic blood flow velocities in the dog was cal-
culated from data presented by Snyder (1973), and is shown in the
upper panel of Fig. 1. A preliminary test with saturated saline and
a flow velocity of about 500 cm/min (300 rpm) produced a great
number of bubbles, which would have masked the slide and prob-
ably have depleted the amount of dissolved gas in the saline. We
therefore selected a flow of 234 cm/min (150 rpm), which produced
much fewer bubbles. Most of these were trapped at the top of the
funnel-shaped bottle, while the rest could be removed by careful
use of a suction tube. The velocity we selected is greater than that
present in most blood vessels, except for the large arteries and the
VC (upper panel, Fig. 1).

The first 30 min of photography were conducted in calm con-
ditions. Because there was an interval of a few minutes between
the first and second photography sessions, photography in the sec-
ond session started ahead of flow activation in order to obtain
at least two shots of the vessel in calm conditions before flow
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Fig. 1. The experimental system for studying the effect of tangential flow (lower
panel), and blood flow velocities in the systemic circulation of the dog as calculated
from Snyder (1973) (upper panel). The saline flow velocity we selected for the study
is shown by the horizontal line.

activation. This protocol enabled us to compare diameter on
detachment during the transition from the calm regime to flow
conditions.

Activating the pump should have two opposing effects on the
availability of dissolved gas in the vicinity of the blood vessel: (1)
Enhancing the release of dissolved gas from the saline due to the
bubbles formed at the pump. (2) Mixing of saline from the top,
which was rich in gas, with saline from the bottom which was pure
gas (Appendix 1), should resultin elevation of the gas concentration
close to the vessel wall.

2.5. Statistics

The Kolmogorov-Smirnov test was used for checking normality
of the data. Two groups of bubbles on detachment, bubble produc-
tion, and active-spot abundance were then compared using either
the t-test or the Mann-Whitney test. The specific effects of individ-
ual sheep, blood vessels or active spots were tested using univariate
analysis of variance.

3. Results

Bubble size on detachment is presented for the bowl-striking
and tangential flow protocols. We then go on to describe the nature
of the active spots and the findings from lipid staining in the two
protocols. Finally, the variability in bubble production between
sheep and blood vessels is presented on the basis of the two pro-
tocols employed in the present study and a previous report, a total
of 19 animals.

3.1. Bubble detachment in the bowl-striking protocol
In two sheep bubbles were produced by only one of the four

vessels, in three sheep by only two, and in one sheep by three of
the four vessels. Bubbles were produced in the AO, PV, and VC in
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Fig. 2. Diameter of bubbles on detachment (bowl-striking protocol) plotted as a
function of time from decompression for four blood vessels with high bubble produc-
tion: VC, superior vena cava; AO, aorta; PV, pulmonary vein; PA, pulmonary artery.
Sheep number and the blood vessel are noted for each panel. Arrows represent blows
delivered to the bowl.

two sheep and in the PA in four sheep. Bubbles were produced at
defined active spots (Arieli and Marmur, 2014).

An example of the diameter of bubbles on detachment from
blood vessels representative of the four sampled vessels, each with
the highest bubble production for the vessel of its kind, is shown
in Fig. 2. The striking was mistimed for the VC in sheep 14 (upper
panel). Large numbers of bubble detachments were observed for
the VC of sheep 14 after the bowl was struck, but this was the only
clear case in 10 bubble-producing blood vessels. The large number
of detachments within 3 min of the first blow in this vessel could
be due to a mutual interaction between neighbouring bubbles. The
bubbles which became detached from the VC in sheep 14 follow-
ing the blow to the bowl were no smaller than the other detached
bubbles. The diameter of all detached bubbles (mean +SD) was
0.75+£0.25mm (n=31) for the AO, 0.94 £+ 0.30 mm (n = 145) for the
PA, 0.73 +0.25 mm (n=26) for the PV and 0.81 +0.26 mm (n=120)
for the VC.

To test the direct effect of a blow delivered to the bowl on
the diameter of the detached bubbles, their diameter during the
2 s following the blow was compared with all other diameters on
spontaneous detachment. A comparison was also made with the
diameter of stable bubbles, which were on the surface of the ves-
sel 1 s before the blow and adhered to the spot, remaining in place
for more than 2 s after the blow had been delivered. This compari-
son was intended to evaluate which of the available bubbles were
affected by the blow delivered to the bowl. Results from all the
bubble-producing vessels from 6 sheep (n=9) are shown in Fig. 3,
in which the percentage of bubbles is given as a function of 0.5 mm
diameter bins. We omitted to photograph the metal rod for the VC
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Fig. 3. Percentage distribution by diameter (0.5 mm bins) of bubbles which became
detached following a blow delivered to the bowl: within 2 s of the blow (empty
bars), spontaneously (black bars), and bubbles which were not affected by the blow
to the bowl and remained stable (grey bars). Number of bubbles, mean diameter
and SD are shown.

in sheep 14, which was therefore excluded from this analysis. The
highest percentage of stable bubbles was in the 0-0.5 mm bin, and
this decreased to moderate in the 0.5-1.0 mm bin, and to a small
percentage in the 1.0-1.5 mm bin. The diameter of stable bubbles
was different from the blow-related detached bubbles (P<0.001).
None was observed in bins above the third.
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Fig. 4. Diameter of bubbles on detachment (tangential flow protocol) plotted as a
function of time from decompression for four blood vessels which produced bubbles
in both calm and flow conditions. Other symbols are as in Fig. 2. Arrows represent
pump activation and the start of tangential saline flow.

The mean diameter on detachment was almost equal for spon-
taneous detachment (no blow delivered to the bowl) and bubbles
released as the result of a blow to the bowl (Fig. 3), with no signif-
icant difference between the two forms of detachment. However,
when peak detachment occurred in the 0.5-1.0 mm bin for both
spontaneous and blow-released bubbles, there was a trend, albeit
non-significant, toward more blow-released bubbles in the larger
diameter bin (17% more) and in the smaller diameter bin (14%
more). This may imply that a blow delivered to the bowl had pref-
erence over spontaneous detachment for the release of large and
small bubbles within the same range. The three smallest bubbles
released on spontaneous detachment had diameters of 0.21, 0.32
and 0.34 mm, and on release by a blow delivered to the bowl this
was 0.27, 0.31 and 0.34 mm. Delivering a blow to the bowl did not
cause detachment of bubbles smaller than those which detached
spontaneously, although there were many small bubbles available
(empty bar, Fig. 3). The diameter of 16% of the observed stable bub-
bles was less than 0.21 mm, and none was released by a blow to the
bowl. The diameter of the three largest stable bubbles, which were
not released by a blow to the bowl, was 1.33, 1.27 and 0.96 mm.

3.2. Bubble detachment in the tangential flow protocol

In three sheep bubbles were produced in all four vessels, in two
sheep in three vessels and in one sheep in two of the four vessels.
The diameter of bubbles which became detached during the first
30 min, under calm conditions, was 0.81 +0.34 mm (mean + SD),
n=56; during the second 30min, under saline flow, this was
0.99 +£0.36 mm, n=268. Mean detachment diameter during flow
was significantly greater than in the previous calm conditions
(P<0.002). Examples of bubble diameter on detachment for the
four different blood vessels which produced bubbles both in the
calm and flow conditions are shown in Fig. 4.
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Fig. 5. Diameter of bubbles on detachment (tangential flow protocol) plotted as a
function of time from decompression for four blood vessels with bubble production
mainly during active saline flow. Other symbols are as in Fig. 4.
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We checked for an immediate effect of flow, by recording bub-
bles that became detached within the first 3 s of flow activation.
However, only one bubble detachment was recorded in that space
of time. Thus no specific effect of flow could be demonstrated. In
40% of the vessels which produced bubbles, there were almost no
bubble detachments during the first 30 min, under calm conditions,
whereas large numbers of bubbles became detached during the sec-
ond 30 min, under flow conditions. An example is given in Fig. 5.
This phenomenon was not observed when conditions were calm in
both periods.

3.3. Active spots

A large number of active spots produced only one bubble in
the course of the 1-h observation, a smaller number produced two
bubbles, and many fewer produced large numbers of bubbles. The
distribution of active spots according to their bubble production is
shown in Fig. 6, which summarises the data from all 12 sheep. The
time which elapsed between the first and last detachment in two-
bubble spots was 15.5 +11.7 min, n =29, and in three-bubble spots
12.4+13.5min, n=7.

- PATY
Sheep 16

3.4. Lipid staining

Lipid stains on the blood vessels were matched with the active
spots. In many vessels, a match could be found between the red
patch (stained for lipids) and the active spot. Five examples are
givenin Fig. 7, where an area containing the active spot (defined by
bubble production), matches the lipid stain. A lipid-stained active
spot could have the form of a circular dot, a blotch, or an elongated
strip. Of 38 clearly stained active spots, only 21% of the matches
were for spots producing 1-2 bubbles and 26% for spots producing
3-5bubbles, whereas 53% of the matches were for spots which pro-
duced 6 bubbles or more. Thus the frequency of matched, stained
active spots was inversely related to the percentage of spots pro-
ducing 1-2, 3-5, or more bubbles: 66%, 17% and 17%, respectively

(Fig. 6).

3.5. Distribution of bubble production

To evaluate the magnitude of bubble formation in the four
blood vessels, we combined the data from the present study (bowl-
striking and tangential protocols) with our previous study in calm
conditions (Arieli and Marmur, 2014). Because there was almost
no effect of striking the bowl, the data from the blow protocol and
our previous report were combined as calm conditions (n=13).
Under calm conditions (n=13) 2.2 £0.9 of the four vessels were
defined as bubbling, whereas in the tangential flow protocol (n=6)
3.5+0.8 of the four were defined as bubbling. There were signif-
icantly more bubbling vessels in the flow protocol than in calm
protocol (P<0.005).

To assess the range and magnitude of bubble detachments in
the four blood vessels, all detachments during the second sampling
period (including those in non-bubbling vessels) were combined,
and are presented in Fig. 8 in ascending order of bubble detach-
ments per 1cm?. The second sampling period was chosen because
we have shown (Arieli and Marmur, 2014) that following the

Fig. 7. Representative photographs of active spots from five sheep compared with staining for lipids in the same vessel. The lower photograph of each pair was taken while
bubbles grew under saline at the active spot. The upper photograph is of the stained vessel. Arrows point to the matched sites. Sheep number and blood vessel are shown for

each pair of photographs, together with the number of detached bubbles.
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Fig. 8. Bubble detachments per 1cm? from each blood vessel during the second
30 min, in ascending order of bubble production. Data from calm conditions (lower
panel) and the flow protocol (upper panel) are shown.

activation period, the time interval between bubble detachments
became short and stabilised, and that it also took a considerable
time for the first detachment after decompression. Data from both
the tangential flow protocol and calm conditions are presented.
Because tangential flow may enhance detachment, as well as bring-
ing gas-rich saline to the vicinity of the blood vessel, the data were
separated. The distributions for bubble detachment from the four
blood vessels under calm or flow conditions seem similar to one
another and between the blood vessels. There was no bubble pro-
duction in 15 (39%) of 38 blood vessels in calm conditions, and
in 4 (17%) of 24 in flow conditions. Detachments in the bubble-
producing vessels ranged from 0.17 to 5.75 per 1cm? during the
second 30 min.

We showed (Arieli and Marmur, 2014) that it takes a mean of
12 min for a bubble to expand from some tens of microns to a diam-
eter of 1 mm, concluding that it takes much longer for nanobubbles
to become gas micronuclei. To assess the time taken for initiation
of a spot (as we surmise, transformation of nanobubbles into gas
micronuclei), we plotted the time to the first detachment from a
defined active spot in Fig. 9. Thus spot initiation came about 12 min
earlier than the detachment. Data for both calm and flow protocols
are shown. It may be seen that the first bubble detachment from
defined spots ranged over the whole hour, with fewer new active
spots between 50 and 60 min post decompression in the calm pro-
tocol, but not in the flow protocol. When the number of active spots
(shown to the left of each data symbol) is normalised for the num-
ber of sheep, the number of active spots in the flow protocol is much
higher than in the calm protocol: 460%, 220%, 630% and 170% for
AO, PA, PV and VC, respectively. The number of active spots per
1 cm? found in the flow protocol was significantly higher than in
the calm protocol (P<0.006). Total numbers of detached bubbles
for a sheep (1h, 4 vessels) were highly variable. For the 13 calm
protocols in ascending order, the number of detached bubbles was
8,13, 17, 21, 25, 27, 29, 39, 43, 69, 96, 124 and 153; for the flow
protocol this was 7, 39, 44, 63, 71 and 98. There was no significant
difference between the total number of detached bubbles per 1 cm?
for the 2 protocols (P=0.056).
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Fig. 9. Time from decompression until the first detachment from an active spot for
19 sheep plotted for the four blood vessels (symbols as in Fig. 2).

4. Discussion

The match between Oil Red O-stained lipids and the active spots
which produced bubbles confirmed our suggestion that bubbles
nucleate and grow at hydrophobic spots on the luminal aspect of
ovine large blood vessels. Because hydrophobicity was also demon-
strated in other ovine blood vessels (Hills, 1992), the location of
active hydrophobic spots on the luminal aspect of a broad range of
blood vessels is probably a widespread phenomenon.

Delivering a blow to the bowl containing the blood vessel
resulted in more detachments of small and large bubbles than on
spontaneous detachment, but within the same size range, where
the mean size on release did not differ between these groups. After
striking the bowl, bubbles detached in the 1.5-2.0 mm bin (Fig. 3),in
which one will not find any stable bubbles. This means that striking
the bowl caused the release of all bubbles having a diameter greater
than 1.5 mm. The percentage of bubbles released after striking the
bowl is also higher in the 1.0-1.5 mm bin compared with the sta-
ble bubbles. However, the blow did not release bubbles as large
as 1.33 and 1.27 mm, nor did it release bubbles smaller than those
which detached spontaneously. The adhesion force at the active
spots does not allow the blow to release tiny bubbles, and so strik-
ing the bowl may have the same effect on these bubbles as pulsatile
blood flow, leaving them to continue to expand until they reach a
sizeable volume.

In our previous study with silicon wafers, we demonstrated that
the diameter of a bubble on tangential detachment was 80% of
that on normal detachment. The tangential force on detachment
was 50% compared with normal detachment (Arieli and Marmur,
2013a). However, bubble size on detachment in tangential flow
(a diameter of 0.99 mm) was even greater than in calm condi-
tions (0.81 mm). Therefore, the adhesion force for bubbles at the
hydrophobic spot does not allow pulsatile blood flow with a mean
linear velocity of 234 cm/min to detach bubbles having a diame-
ter smaller than those which became detached in calm conditions.
Using the Stokes equation, Fd = 3wrdnu, where Fd is the drag force, d
is the diameter, 7 is the dynamic viscosity, and u is the free stream
velocity, the calculated maximal tangential force, assuming sinu-
soidal flow and a diameter of 1mm, was calculated to amount
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to 0.72 x 10~3 N. This value is less than half the normal force on
detachment. Bubbles which were larger on detachment during flow
compared with calm conditions may have grown faster due to the
enriched gas in the flow of saline. It was noted that in the process
of expanding to a diameter of 2 mm, a bubble was rocked back and
forth by the pulsatile flow, but continued to adhere to the active
spot. The size of a detached bubble, even under a powerful flow
regime, may pose a considerable risk to the central nervous system.

The adhesion force for small bubbles (2-3nl, diame-
ter~0.17mm) within the mesenteric artery was about 10~/ N
(Suzuki and Eckmann, 2003), which is two orders of magnitude
smaller than the adhesion force of 4.5 x 10~> N for the active spot
in the present study and our previous investigation (Arieli and
Marmur, 2014). This difference is probably related to the attach-
ment force between a bubble and the hydrophilic endothelium in
mesenteric arteries, compared with the attachment force between
a bubble and a hydrophobic active spot in the present study.

Only in the flow protocol did no bubble detachments occur
in calm conditions, although bubbles did appear under flow con-
ditions (in 40% of vessels, Fig. 5). Thus the number of bubbling
vessels increased from 2.2 to 3.5 of 4 between the calm and flow
protocols. The mean number of active spots increased almost four-
fold between the calm and flow protocols (Fig. 9, normalising
for sheep number x 13/6). We suggest that the increased concen-
tration of dissolved gas near the vessel during flow (mixing of
the high gas concentration in the upper saline with the low gas
concentration in the lower saline, Appendix 1) enhanced the ini-
tiation of active spots and the subsequent transformation, as we
surmised, of nanobubbles into gas micronuclei. We have previ-
ously shown that the density of bubbles on a hydrophobic silicon
wafer after decompression increased with elevation of the preced-
ing exposure pressure and gas load (Arieli and Marmur, 2013a).
The relation between gas load and increased bubble score is well
known in diving. We might suggest that after decompression,
when the gas load near the blood vessel was elevated, it initiated
more active spots, with a resultant increase in bubble forma-
tion.

The initiation of active spots was observed throughout the entire
1-h observation period (Fig. 9). Thus the initiation of the active spot
is the slow process, compared with bubble growth, which takes
about 12 min (Arieli and Marmur, 2014) and is the fast process.

A considerable number of active spots produced only a few bub-
bles (Fig. 6). The time between the first and last detachment for
these spots was much shorter (15.5min for 2-bubble spots and
12.4 min for 3-bubble spots) than the 1-h period during which mea-
surements were made. Despite the high prevalence of spots which
produced 1-2 bubbles (66%, Fig. 6), observable staining for these
spots was low, 21% of all the stained spots. Active spots from which
more than six bubbles detached constituted 53% of the stained
spots, but only 17% of the total active spots. One explanation for
this may be that the area of active spots producing small num-
bers of bubbles is too small to be seen in the enlarged photograph.
It is also possible that the phospholipids from these active spots
may have been carried away along with the detached bubbles. A
similar finding was presented by Hills and Butler (1981), when
the pulmonary vasculature of the dog was flushed with microbub-
bles containing serum. The outflow contained surfactant which
was carried away by the bubbles. We suggest that the surfactant
composing the active spot may cling to the bubble, and be carried
away together with the bubble on detachment. In this way, the
surfactant in the smaller and less productive active spots would
be depleted, and the spot would no longer be active. This process
may provide an explanation for acclimation to diving. Experienced
divers will produce fewer bubbles than the novice, and will thus be
less prone to decompression sickness (Sayer et al., 2008; Pontier
et al., 2009; Zanchi et al., 2014). Presumably bubbles produced

during theirlong diving history have eliminated some of their active
spots.

The formation of bubbles in the arterial circulation after decom-
pression necessitates a reappraisal of our view that decompression
sickness is a venous disease. The present finding that bubbles con-
tinue to grow even under a flow regime and are not swept away
when they are small stresses the possible role of significant num-
bers of large arterial bubbles in neurologic decompression sickness.
It also supports our previous suggestion (Arieli and Marmur, 2014)
that symptoms of neurologic decompression sickness can occur
without arterialisation of venous blood, either via a patent foramen
ovale (PFO) or intrapulmonary arteriovenous anastomoses (IPAVA)
(Madden et al., 2015). Therefore the common use of the term “air
embolism” with reference to the arterialisation of bubbles does not
cover all arterial bubbles. Major decompression illness (DCI) has
been shown to be related to the magnitude of patency of a patent
foramen ovale (PFO) (Torti et al., 2004). However, 36% of divers who
suffered DCI had no PFO. Severe cases of neurologic decompres-
sion sickness may occur immediately on surfacing from a dive or
within a few minutes (Elliott and Moon, 1993). Neurologic decom-
pression sickness has been divided into two categories: Type A, the
more severe form and Type B, the milder form Grover et al. (2007).
Although a correlation has been shown between Type A and PFO,
none was found for Type B (Koch et al., 2008). Germonpré et al.
(1998) found an association between cerebral DCS and PFO, at the
same time, however, claiming there were exceptionally high num-
bers of unexplained DCS episodes. In their analysis of DCS in divers,
Wilmshurst et al. (1989) found that 66% of the divers in whom neu-
rologic DCS appeared within half an hour of the dive had a PFO. Of
the divers in whom neurologic DCS appeared between half an hour
and 48 h after the dive, only 24% had a PFO. High percentages of
neurologic DCS cannot necessarily be related to a PFO.

The source we have suggested for bubble production after
decompression, active spots on the luminal aspect of blood vessels,
correlates well with what we see among divers: 1. Acclimation, as
described above, when phospholipids were swept away by bub-
bles; 2. Variable sensitivity to decompression stress (bubblers vs.
non-bubblers). In 1h, 53% of sheep produced 0-40 bubbles, 26%
produced 40-80 bubbles, 10.5% produced 80-120 bubbles, and
10.5% produced 120-160 bubbles; 3. Increased bubble production
with increasing gas load, i.e., initiation of active spots with increas-
ing gas load; 4. Increased bubble production in the second dive
on the same day matches activation of active spots after the first
few bubbles became detached (Arieli and Marmur, 2014); 5. Unex-
plained neurologic DCI, and no evidence of a left-to-right shunt,
which may be explained by bubble production in the arterial cir-
culation.

5. Conclusion

On decompression, bubbles nucleate from nanobubbles perma-
nently resident at active hydrophobic spots on the luminal aspect
of diverse blood vessels. These bubbles grow to a mean size of 1 mm
in diameter in the face of pulsatile blood flow, before their release
into the bloodstream. The present suggested source of bubble for-
mation correlates with various features of diving, and represents a
direct risk of neurologic decompression sickness.
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Appendix A.
A.1. Gas concentration

Let us assume an initial distribution of the following kind:
f(X7 0) =T,

ny, L<x

O<x<lL

Also, at x=0 we assume an infinite potential wall which
molecules cannot pass. To overcome this problem, we need to find
a system in which for x>0 the distribution is similar to f{(x,0), but
in which for each molecule leaving our boxfrom x=0* to x=0-,
another molecule arrives from x=0~ and enters the box at x=0" to
feplacethe molecule which has left.

Let us consider the next function:

g(x,0)=ng, -L<x<lL

ny, x| > L

From considerations of symmetry, we can see that for every
molecule that goes from x=0~ to x=0* there will be a “mir-
rorimolecule that goes from x=0~ to x=0".

The solution for g(xt) is given by the convolution with
——exp (-x2/4Dt) .

V4nDt
° exp (—y?/4Dt)
X, t) = x—y,0)——— /4
g(xt) /g( y,0) A7D0

We are interested only in g(0,t). So, remembering that
the function is symmetric in x and changing variables

{u=x/ADt, du = dx/v/4Dt } we obtain:

1//4DE .
g(0,t)= Jiﬁ / npexp (—uz) du+ / nyexp (—uz) du
0 L/v4Dt

For each L/+/4Dt the integral was calculated via Wolframalpha.

For example, for L=2.5cm, t=72,000s and D =2.01x
107° (em?/s) we get L/v4Dt~ 1.03907. For ng=0.1xn; we
obtain the solution:

2(0.72000s) =

1.03907 00
= 2% / 0.1 x exp (—uz) du + 1 x exp (—uz) du
T
0 1.03907

~ 0.2275 x ny

Gas tension at the tissue surface after 20h would amount to
saturation at a depth of 12.75 msw (228 kPa).
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