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Abstract

The formation sites of the microbubbles that are routinely detected in the bloodstream at precordial level
by Doppler after a decompression are reviewed and discussed here, First, microbubbles could form on
the endothelium lumen wall of the capillaries, at specific nanometric sites, but the release mechanism of
such small emerging entities remains puzzling. They could be also formed from pre-existing gas nuclei
present in the blood when favorable local hydrodynamic/supersaturation conditions generate micro-
cavitation and tribonucleation phenomena. Finally, tissues could represent large pools for microbubble
formation and amplification. Nevertheless, it remains to explain what the potential pathways are to drive
them to the blood.

Knowing that the permeability of most of the blood capillary network is quite low, an altemative is
proposed for such transport. The lymphatic system, which drains the interstitial fluid to guarantee the
fluid balance of tissues, could allow the transfer of micrometric elements like stabilized microbubbles
formed in tissues on long distances. A final rejection in the bloodstream at the termination of both right
lymphatic and thoracic ducts can be expected. The characteristics of this slow transport, activated by the

muscular pump, could explain the detection on long periods of massive venous gas emboli.

INTRODUCTION

Decompression sickness is characterized by a wide
variety of symptoms. The associated injury can be
reversible and mild but alse severe and definite. In
spite of more than a century of investigations, the
mechanisms underlying and leading to the different
forms of decompression sickness are far from being
clear. The only element on which there is an agree-
ment among the scientific community is the fact that
microbubble formation during decompression is the
primary event.’

Accordingly, the decompression. procedures
used by scuba divers are the only efficient way cur-
rently known to limit the production and growth of
microbubbles during and after the ascent. In this
context, one of the only means that we currently
have to determine the severity of a procedure on a
given subject consists in the detection of the bubbles
circulating in the bloodstream by using a pulsating
or continuous Doppler. This latter method of inves-

tigation is widely used. Several studies have shown
(1,2,3,4,5,6) that the probability of developing symp-
toms is linked to the quantity of moving bubbles that
we can hear at the heart level.

Several theories could support this correlation.
For instance, it has been proposed that the circulat-
ing microbubbles are filtered by the lung as long as
their total flow rate does not exceed a given thresh-
old above which they can cross this barrier, reach
the arterial side and potentially create an embolus
in a critical tissue (7,8). Secondly, the biochemical
events consecutive to blood/bubbles and endothe-
lium/bubbles interactions are sufficient to expect
that avoiding large amounts of bubbles in the blood-
stream will prevent, to some extent, serious symp-
toms of decompression sickness (9).

It has been proved by Doppler that the circulat-
ing bubbles are mainly present in the venous side of
the blood circulation. While the local supersaturation
circumstances under which the gas nuclei dispersed
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in the body can be recruited to grow in microbubbles
remain of primary interest, the mechanisms to de-
scribe how and when they can be transferred in this
side of the bloodstream are also particularly interest-
ing. Indeed, all atteropts to model the mechanisms
of decompression for prevention purposes need
to choose the right hypothesis and criteria and be
physically and physiologically consistent. In several
dynamic modeling approaches, microbubbles are as-
sumed to be located in tissues (10,11,12), but their
opportunity to be rejected in the bloodstream and
their further evolution are barely considered (13,14).
That is why it makes sense to understand not only
the gas exchange kinetics in the tissues but also the
gas exchanges between the microbubbles and the
blood coupled with their transport kinetics. An in-
vestigation of the dynamic characteristic of the Dop-
pler microbubble detection signals after decompres-
sion (first appearance, peak, signal progressive drop)
shall be, in that sense, instructive.

This paper reviews and discusses the different
possibilities proposed in the literature for what hap-
pens at the sites of microbubble formation, with their
potential release in the venous bloodstream. It pres-
ents an original hypothesis that seems compatible
with different experimental facts: It is proposed that
the microbubbles are mainly formed in the tissues
and are transported to the blood by the lymphatic
vessels.

REVIEW OF THE POTENTIAL PRIMARY
SITES FOR MICROBUBBLE FORMATION

From a physical and biochemical point of view, ex-
plaining where and in which conditions microbub-
bles can form in the different biological media is
far from evident. Homogeneous and heterogeneous
nucleation hypotheses have been investigated — both
theoretically and experimentally — and widely used
by several authors to explain and model the bubble
formation during decompression (15,16,17,18).

Even if the surface physics (surface tension and
surfactant skin) and the local supersaturation states
are known to be of primary importance to explain
the presence and the growth capacity of pre-existing
micronuclei, no one has really described with cer-
tainty where the bubbles detected by Doppler in the
right side of the heart are primarily formed.
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The capillaries’ endothelium as a potential site

Microbubbles could form on the lumen wall of the
capillaries (19,20) even if it is known that the en-
dothelium surface facing the blood is mainly hydro-
philic (16,19). The associated hydrophobic crevice
model has been studied by several authors (16,17,14).
The geometrical and biochemical factors required to
allow such bubble release have been pointed out.

This hypothesis is nevertheless questionable
if one considers the nanometric dimensions of the
structures that would be involved -i.e., caveolae (21}
of 50 to 100 nm in diameter. Indeed, the small gas
pockets, which grow during a decompression due to
the ambient pressure decrease but also because of
inert gas diffusion from the neighboring supersatu-
rated tissues, finally have to face the strong surface
tension effect once their curvature reverses. The
Laplace law should drastically limit the opportunity
to release such small bubbles in the bloodstream.

This limitation is well known in the evaporation
field: The superheating required to promote boiling
of a liquid in contact with a heated wall is all the
more important that the dimensions of the nucleation
sites are small. Moreover, Ligier-Belair (22) has re~
cently presented the conditions allowing massive
microbubble formation from cellulose fibers im-
mersed in carbonated beverages: Both the ambient
pressure and the micrometric fibers” lumen dimen-
sion are critical parameters regulating the bubbling
frequency.

To illustrate this fact, we could mention once
more the recent work by Chappell and Payne con-
ceming the modeling of endothelial bubbles for-
mation (14): In their approach, they are forced to
choose very low surface tensions to model the bub-
ble release from nanometric sites. This hypothesis
remains questionable.

Favorable hydrodynamic conditions

and the cardiac valves hypothesis

Another possibility could be bubble formation di-
rectly in the circulating blood when a characteristic
hydrodynamic/blood gas content conformation oc-
curs locally: a non-negligible local pressure drop
combined to a high supersaturation state of the blood.
The tribonucleation phenomena (23,24,25) occur-
ring during the opening and closing mechanisms of
capillaries is, for instance, an interesting hypothesis,
while poorly investigated.
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A stronger hydrodynamic possibility has been
described by Hennessy in 1987 (8), who proposed
the cardiac valves as potential formation sites for
microbubbles. He considered that gaseous cavitation
could occur during the valves’ closure, mainly be-
cause of vibrations at the valve tip levels. During the
first minutes of a decompression, the high supersatu-
ration state of the mixed venous blood could indeed
allow the feeding of the small gas seeds so produced
with inert gas, leading to microbubbles growth with
a prolonged lifetime in the pulmonary artery.

This hypothesis should concern mainly tricuspid
and pulmonary valves because, with the exception of
abnormal Tung shunt levels (2% in normal subjects),
the blood leaving the lungs is not supersaturated to
a great extent (with perhaps the exception of high-
pressure saturation dives). This original idea could
find interesting supporting proofs in the mechanical
heart valves (MHV) field. Indeed, mitral and aortic
mechanical valves are known to generate bubbles
that can lead to various disorders for patients. The
squeeze flow generated during the valves’ closure
at their tips and the associated vaporous cavitation
phenomenon have been largely explained and inves-
tigated by numerous authors, in vivo and in vitro,
for several types of valves (26,27,28,29,30,31,32).
Nevertheless, the natural and healthy cardiac valves
located in the right heart do not seem to fulfill in
their normal function the fluid dynamic precondi-
tions for cavitation (the closing dynamics of the
natural valves are far from being as extreme as those
seen for mechanical heart valves where cavitation
has been demonstrated).

Moreover, it is well known that the cavitation
phenomena arise only if gas seeds are already pres-
ent in the circulating fluid (33). So, microcavitation
at cardiac valves, if it exists, probably doesn’t create
micronuclei but instead amplifies pre-existing gas
nuclei natarally present in the blood. How they are
formed and stabilized remain questions. It would be
interesting to know if studies on human blood, which
contains several kind of nano to micro components
(red cells, white cells, platelets, proteins), have led
to the conclusion that gas nuclei are always present
in such an organic fluid.

According to Harvey (15), who decompressed
blood samples of cats below the blood vapor pres-
sure at 38°C without creating bubbles, it seems to
be far from sure that blood is a gas nuclei reservoir.

It is interesting to notice here the conclusion of this
author:

“These experiments indicate that all the formed
elements of the blood (red and white corpuscles,
platelets, fat globules or blood dust) play no part in
bubble formation, that air masses do not normally
pass from alveoli to lung capillaries (although they
may when the alveolar air pressure is raised above
that in the capillaries) and that movement of the
blood with turbulence and vortex formation around
the valves of the heart does not normally start bub-
ble formation.”

Besides, if the pre-existing stabilized gas nuclei
(sub-micrometric dimensions) investigated by Yount
during his experiments on decompressed gelatin
samples (34,35,36,37) were present in the blood,
it would be also very interesting to know what the
interaction of these nuclei would be with proteins,
platelets and macrophages. At any rate, cavitation at
the level of the cardiac valve is probably not at the
origin of the supposed nuclei present in the blood (a
realistic prerequisite since mechanical heart valves
can cavitate) but only a kind of amplifier that could
produce gas microbubbles.

If we assume that the microbubbles are generat-
ed in the blood at the cardiac valves’ level, it should
have a great impact in limiting the mixed venous
blood supersaturation level, while at the same time
keeping the ambient pressure rather high in order to
limit their production and growth. Indeed, the smaller
the dimensions of the nuclei primarily recruited, the
higher the level of blood supersaturation required to
face the surface tension effects. And it is probable
fact that the smaller the nuclei recruited, the larger
the maclei population involved and the final bubble
volume.

Moreover, their subsequent growth rate is all the
more important because:

1) this supersaturation level is high; and
2} the ambient pressure is low.

Because the confribution of the fast tissues
(brain, liver, kidneys, heart) to the mixed venous in-
ert gas content is probably important, the involve-
ment of these tissues during the first minutes of a
decompression should be crucial if we follow Hen-
nessy’s reasoning. This phase, including the ascent,
should indeed be critical, and deep stages should be
recommended to avoid high mixed venous blood su-
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persaturation states and to limit microbubble growth.
Theoretical elements can be found in the Annex to
justify this deduction.

This last consequence, i.e., the deep stages re-
quirement, is in phase with Hills” and Yount’s (38,39)
theoretical recommendations, introducing with oth-
ers the modern bubbles models and the deep stages
concept. Deep stages are nevertheless a current sub-
ject of controversy (40).

Microbubbles formation sites inside
the tissues and the transport issue
Microbubbles could finally form in situ, in the tissues
(more or less fat), and, among several hypotheses:
1) directly inside the cells, where the gas
diffusion properties could be very low (38);
2) in the interstitial fluid, at the level of cell
contact (41);
3) directly in the bulk of the interstitial media if
we assume that gas nuclei always exist at this
level, stabilized by surface-active skins (42).

Tn the case of micronuclei formed at the level of
cell contact, the tribonucleation phenomenon — that
we could suspect in muscles and joint mainly — and
the heterogeneous nucleation could compete. But
whatever the mechanisms involved in their forma-
tion, it remains yet to explain how the microbubbles
are transported from the tissues to the bloodstream.

The direct transport of microbubbles across the
endothelial wall is unlikely in most parts of the body
because the capillary network is of a continuous
type. Present in the skin, in all types of muscles, in
mesenteries, in the central nervous system and the
lung, such capillaries are characterized by a continu-
ous endothelial lining with tight intercellular junc-
tions. A passive transport of gas nuclei through these
small gaps or a potential transcytosis mechanism
(43, 44) would only release nanometric elements in
the bloodstream, which introduces once more the
crushing surface tension issue discussed just above
for caveolae.

Tt is well known that capillary permeability, all
transcapillary exchange routes for macromolecules
being considered (interendothelial clefts, vesicular
transport, channel formed by plasmalemmal vesi-
cles), remains quite low (45). Large elements like
leukocytes can pass through the endothelium of the
continuous capillary network, but very specialized
biochemical mechanisms are involved (46).
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This specific transport path seems nevertheless
excluded for foreign microbubbles. Finally, effrac-
tion of the capillary endothelium is a non-realistic
hypothesis, because serjous clinical signs would be
expected if one considers the great flow rate of bub-
bles detected in the venous blood by Doppler dur-
ing several hours following a decompression, often
without any symptoms detected.

Two other types of capillaries exist: the fenes-
trated and the sinusoidal. They may offer a greater
permeability level because larger clefts for the trans-
port can be found at the level of the endothelium. The
fenestrated capillaries offer gaps having dimensions
up to 100 nm and are found in endocrine and exo-
crine glands, gastric and intestinal mucosae, choroid
plexuses of the brain, renal tubules and glomureli
and in the ciliary body of the eyes (47).

The sinusoidal capillaries, characterized by an
incomplete basal lamina, allow the passage of mi-
crometric elements like blood cells into the liver and
in the spleen. The fact that all the tissues concerned
by such permeable capillaries are fast tissues is not
incompatible with the fact that slow tissues are in-
volved in decompression sickness: Gas nuclei could
be generated at this level, could pass into the blood
during the first minutes of a decompression, then
amplified in the supersaturated mixed venous blood
up to the pulmonary filter.

But these well-vascularized tissues desaturate
quickly. As a consequence, it can be expected that if
they are microbubbls providers, it is only on a short
period of time. A slow ascent should drastically de-
crease the microbubbles production in theses fast
tissues (T1/2~1min) and limit their subsequent in-
volvement in a potential decompression sickness oc-
currence.

THE LYMPHATIC SYSTEM AS A
PATH TO TRANSFER MICROBUBBLES

One of the functions of the lymphatic system is the
maintenance of the fluid balance in the internal envi-
ronment. [ndeed, plasma enters the interstitial spaces
from blood flowing into the capillaries. Much of this
interstitial fluid is absorbed by tissue cells or reab-
sorbed by the blood before it flows out of the tissue,
but a small amount of interstitial fluid remains in-
side. Then, lymphatic vessels collect the excess fluid
and return it to the venous blood.
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FIGURE 1

Figure 1. Schematics of the lymphatic capillaries in tissues: conformation with blood capillaries and details.

The Iymphatic system is thus a specialized part
of the circulatory system that consists of!

1) a moving fluid, the lymph, derived from the blood
and tissue fiuid; and

2) a group of vessels, the lymphatics, mainly parallel
to the veins, that returns lymph to the blood.

Two to three liters/day of interstitial fluid retumn to
the blood circulation.

Let’s travel with the Iymph inside the lymphatic
network from the tissues to the blood (cf. Figure 2,
Page 228). We propose to discuss here the possibility
that microbubbles can be pumped from the tissues’
interstitial fluid by the lymphatics and then enter the
lymphatic circulation, to be potentially ejected in the
venous blood with the lymph refurmn.

The lymphatic system, contrary to the blood
circulatory system, does not form a closed loop. It
begins blindly in the intercellular spaces of the body
tissues (cf. Figure 1, above). Networks of lymphatic
capillaries are well distributed throughout the body
(cf. Figure 2). These capillaries vary in diameter
from 15 to 75 microns (47). The high permeability of
lymphatic capillaries permits large molecular weight
substances that cannot be absorbed by the blood cap-
illaries to be removed from the interstitial spaces.
Thus, each day, about 50% of the total blood protein
leaks out of the capillaries into the tissue fluid and
returns to the blood via the Iymphatic vessels.

It is then logical to think that if microbubbles are
formed in tissues, the lymphatic system constitutes

a favorable path for their transport to the blood. In-
deed, we have discussed above the fact that the great
majority of the blood capillaries’ endothelium is not
really permeable; because of this only nanometric
entities at best can pass through the gaps between
tissues and blood, with an exception for the tissues
drained by the sinusoidal capillary network. But the
Iymphatic capillaries, relatively permeable, should
allow the transport of micrometric elements like mi-
crobubbles from the tissues to the blood via the [ym-
phatic ducts.

The wall of a lymph capillary is constructed of
endothelial cells. At various points along the inter-
cellular junction, the surface membranes are held in
close apposition by adhesion devices. But instead of
a continuous basement lamina (basement membrane)
surrounding this wall, open junctions are frequently
observed (48). It has been proposed that these areas
between apposing membrane surfaces, which have a
lack of attachment devices, represent specialized re-
gions that are easily separated and would permit the
passage of excess tissue fluid and large molecules
into the lumen of the lymphatic vessel (45). More-
over, there are numerous fine filaments, about 100
A in diameter, that connect the capillaries to the sur-
rounding tissue. These filaments allow a mechani-
cal action on the lymphatic endothelial cells when
the tissue intercellular fluid volume and pressure in-
crease.
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Figure 2. Scheme of the lymphatic/blood networks connections and general view of the bymphatic network

The gaps of the so opened junctions can have
dimensions up to several microns. This has been
proved in animals (48,50,51). Particles as large as
22.5um have also been shown capable of passing
from the peritoneal cavity into the diaphragmatic
Iymphatics (52). A more recent work (53) on the
mouse describes the fine structure of the specialized
junction involving buttons and gaps of micrometric
dimensions. To finish, the potential role of vesicles
crossing the endothelium and allowing the removal
of large molecules has also been discussed (48). So,
it is highly probable that microbubbles formed in the
interstitial fluid of tissues can pass though the lym-
phatic endothelium to join the lymph.

It can be remarked that the flow of particles
across the lymph capillary endothelium is higher
for small particles than for large particles (54). This
is an important point because a filtering role of the
lymphatics could exist if the gas nuclei population
recruited to form microbubbles after a decompres-
sion has a wide spectrum of dimensions (35).
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Let’s continue to follow a potential microbubble
pumped from the interstitial fluid and drained by the
lymphatic network. Because lymph capillaries have
a larger lumen than blood capillaries, the transport of
micrometric elements is possible. Downstream, the
collecting capillaries and the ducts reach millimetric
dimensions. At certain locations, lymphatics enter
lymph nodes (cf. Figure 3, right). The normal young
adult body contains around 450 lymph nodes (47).
Lymph nodes have an average diameter of 4mm.
Any fluid absorbed by the lymphatic system passes
through at least one lymph node before its return
to the circulation. As the lymph flows through the
lymph sinuses within the tissue of the lymph node,
it is filtered. Fixed macrophages remove bacteria,
other foreign matter and debris.

The lymphatic tissues of lymph nodes serve also
as the sites of the final stages of maturation for some
types of lymphocytes and monocytes coming from
the bone marrow. These white cells are added to the
lymph as it flows through the sinuses of a lymph
node. Lymphatics from the lower portion of the
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body converge to form a dilated lymph vessel, the
cisterna chyli, in the lumbar region of the abdominal
cavity. Since phagocytic cells in the sinuses serve
as filters for particles and destroy them, it is pos-
sible that traveling microbubbles can interact with
them. But we could expect this only partially. It is
so highly probable that if these structures allow the
transfer of lymphocytes, microbubbles can circulate
in the whole lymphatic network to be finally ejected
into the venous return bloodstream upstream from
the heart.

The lymphatic capillaries’ arrangements in tis-
sues are varied: They occur singly, in plexuses or
arranged in cylinders, as in muscles. They merge
with other lymphatics to eventually form the main
lymphatic trunks: 1) the right lymphatic duct, which
receives lymph from the upper- right quadrant and
flows out into the right subclavian vein; and 2) the
thoracic duct, where the lymph from the entire body
(except for the upper-right quadrant) drains and
flows into the venous blood at the junction of the
left subclavian and the internal jugular veins. At the
termination, a bicuspid valve faces into the vein to
prevent or reduce reflux of blood.

The thoracic duct is around 5 mm in diameter at
its abdomninal root point, becomes narrower at mid-
thoracic levels and in 50% of patients grows slight-
ly wider again before its termination (47). Indeed,
there is an important structural variability from one
person to another. The duct can divide into two ves-
sels which further rejoin, or into branches that form
a plexus before joining again to form a short, wide
vessel.

Higher in the body, the duct can bifurcate, the
left branch ending as usual, the right branch diverg-
ing to join one of the right lymph trunks or even
the right lymphatic duct, with the combined vessel
opening into the right subclavian vein. Kinnaert (55)
performed 529 human dissections and described this
variability of the thoracic duct termination location
(internal jugular, subclavian vein, jugulo-subelavian
junction). In 21% of the cases, the terminal open-
ings were multiple. Even if there exists an anatomi-
cal variability for these ducts connections among
people, the diameter of the duct’s termination is so
that microbubble passage and final rejection into
the bloodstream should be particularly easy (several

FIGURE 3

Figure 3. Schematic of a lymph node

Although there is no muscular pumping element
connected with the lymphatic vessels to force lymph
onwards, this latter moves slowly along its vessels.
Lymph flows through the thoracic duct and rejoins
the general circulation at the rate of around 100
ml/h. It moves through the system in the right direc-
tion because of the large number of valves that allow
fluid flow only in one direction. The movement is
mainly due to breathing movements, by the motion
of adjoining arterioles and by skeletal muscles con-
tractions. This is called the lymphatic pump.

During exercise, Iymph flow may increase as
much as five to 10 times (56). It is noticeable that
movements largely increase the flow of microbub-
bles that can be detected by a precordial Doppler
system after a decompression. This has been attrib-
uted to the sudden opening of capillaries with an as-
sociated microbubble release in the peripheral net-
work (in skeletal muscles for instance) or to local
microcavitations. Nevertheless, the increase of the
lymph flow during exercise could also easily explain
this phenomenon.

It is interesting to notice that in skeletal muscles,
lymphatics are usually paired with arterioles so that
vasomotion and arterial pulsations, both with mus-
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TABLE 1
Number of
Human Lymphatic Vessel or Diameter | . (i Wall Lymggtsl O Vessels,  Total Langth '1'051 ;.ymph Lymph
Lymphatc Component {mm) SR Thickness 2 Tissues or {mm) -y Velrzfdty
(mmisee) S (mm (urws)
Cervical porials:
Thoracic duct 4.0 450 500pm 214 1 450 5700 1700
Right lymphatic duct 3.0 14 500pm 1.7 1 14 100 250
Main lymphatic frunks:
Subclavian {left and right) 25 50 ~300 ym 0.7 2 100 550 100
Jugular {leftand right) 23 40 ~300 pm o7 2 a0 330 200
Intestinal 23 85 ~300 pm 14 1 85 350 3400
Bronchomediastinal {left and right) 22 125 ~300 ym 2 2 250 950 500
Lumbar {leftand right) 18 100 =300 ym 03 2 100 570 100
Cisterna chyll (thoradic) 8-13 50-73 ~500 [irm 44 1 80 1700 500
Minor ymphate trunks: 1.0 10 ~100 pm 02 100 1000 800 300
Post-Lymphonodal collecting ducts 0.5 w3 15-50um 0.01 1700 5100 1000 70
Pra-Lymphonodal collecting ducts 0.5 wd 15-50um 407 817000 1850000 363000 02
Precollecting ducts 0.15 -1 ~5 pm a0” 68000000 68000000 1200000 0.02
Lymphatic capillaries Q.02 0.5 tpm 3107 6800000000 3400000000 425000 002
Lymphatics subtotal 234 ~3500 km 2000000 ~10 {avg)
Pra-lymphatic channels 0.4-02pm  30pm-30cm 3*0™ go™ 24*10% {370000) 0.002
Lymphocytes 10pm a*10" - {350000) “
Lymph nodes 4 0.05 450 - (15000} 10
Epieen B8 1 - (75000) -
Thymus 22 1 - (10000) -
Lymphatic vessal walls - - {460000) -
Total Lymphatic System ~3300000

estimated for hypothetical adult male, weight 7 kg

Table 1. Approximate quantification of the human Iymphatic system (47) © Robert A. Freitas Jr., all rights reserved.
Reprinted with permission http:/www.nanomedicine.com/NMIhtm

cle contractions, allow the lymph circulation (57).
These links with the arterial side could also imply in-
teresting gas exchange patterns between the vessels
when pure oxygen is breathed. The impact on the
microbubbles circulating in such lymphatics could
be non-negligible.

Freitas proposes an approximate quantification
of the lymphatic system (47). The corresponding ta-
ble, inspired from various sources, is reprinted here-
after (cf. Table 1, above). According to this data, tak-
ing into account the vessel crossing times (~length/
velocity), it takes around 24 hours for a node-inert
particle entering a lymphatic capillary to reach the
termination of the thoracic duct and so rejoin the
venous flow. Nevertheless, elsewhere, it has been
measured by video microscopy in man that the fluid
speed in microlyrophatics is close to 10um/s (7 and
14um/s for upper and lower quartiles, respectively)
at rest (58).

Another recent study proves also that the lymph
transit time from hand to axilla in human subjects
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at rest can be as high as 9cm min-1 (59). Moreover,
the flow velocity in the thoracic and in the right
Iymphatic ducts are non-negligible (10cm/min and
1.5cm/min according to Table 1). Consequently, the
microbubbles formed in a proximal zone of the body
with regard to the ducts have the opportunity to be
drained by the lymphatics and be so transported up
to one of the main ducts quite rapidly. It could fake
no more than a few minutes for microbubbles formed
during a decompression in these proximal zones to
be ejected into the venous refum.

The emerging microbubble flow rate would pro-
gressively increase because a greater number of mi-
crobubbles recruited from deeper territories could
then be involved. This phenomenon would reach a
steady state, of greater or lesser duration, depending
on the exposure and the decompression procedure
chosen, and finally decrease. Indeed, after the decom-
pression, a progressive microbubble reabsorption is
generally expected. This is due to the desaturation of
the whole body from which tissues associated to the
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lymphatic capillary network are a part. This is exact-
ly what is observed with a Doppler: a microbubble
peak often around one hour, followed by a progres-
sive fall, when the bubble grade of decompressed
divers is evaluated on a long period after surfacing.

Another fundamental consequence of the mech-
anism proposed here is the following: Microbubbles
transferred into the venous bloodstream up to the pul-
monary filter will grow during such travel only if the
inert gas partial pressure of the mixed venous blood,
a contribution of all body organs, is greater than their
internal inert gas partial pressure. The lymph content
in the thoracic duct being the result of the interstitial
fluid of all the drained tissues, a greater proportion
of rapid compartments with regard to the venous re-
turn now implies that the stabilized microbubbles so
transported can emerge in a supersaturated medium
for a long period when they reach the blood. A crite-
rion linked to such a growing or crushing condition,
time-dependent and involving a whole body gas ex-
change approach, could give new predictive possi-
bilities for a mathematical model of decompression.

To justify the remark conceming the rapid tis-
sues’ contribution in the thoracic duct, it can be said
that 30% to 50% of the total lymphatic flow comes
from the liver, and 20% to 30% comes from the in-
testines. While on an empty stomach, the cisterna
chyli flow rate is less than 1ml/h, it can increase up
to 200m)/h after a fatty meal (60). The correspond-
ing milky intestinal lymph contains a surge of emul-
sified fat, which is transported in the form of chy-
lomicrons measuring 0.5-0.75 microns in diameter,
named chyle (47). In around 35% of cases, the intes-
tinal trunk joins the left lumbar trunk and there is no
cisterna chyli. This is another anatomical variability
that could be related to the inter-individual variabil-
ity to accumulate microbubbles in the blood flow
after the same exposure. Microbubbles formed in
or around the intestines could be transported by the
corresponding lymphatic capillary network, linked
to chylomicrons whose lipid content is a way to feed
microbubbles with inert gas. The literature on the ef-
fect of the digestion on microbubble formation after
diving is rare.

However, most of the time, lymph has basically
the same composition as the interstitial fluid. It con-
tains a lot of proteins and elements (almost no plate-
lets but one-third the fibrinogen and five times the
prothrombin as in blood serum) that could interact

with a microbubble and stabilize its gas/lymph in-
terface. The biochemical and hematological effects
specific to blood-bubble interaction are complex but
have been discussed (61). Lymph/bubble interaction
effects are rather unknown, probably dependent of
the region that is crossed (the biochemical and cel-
lular content of the thoracic duct, of muscular lymph
and of hepatic lymph is, for instance, different). To
conclude, microbubbles in lymphatics are probably
stabilized but the different levels of supersatura-
tion of each converging vessels necessarily imply
inert gas exchanges at the lymph/bubble interface;
microbubbles volume probably changes during the
travel inside the lymphatic network.

To finish, it is an important fact that lymph capil-
laries branch, interconnect and extend into almost all
tissues of the body except the central nervous system
and the avascular tissues such as the epidermis and
the cartilage. Neither brain nor spinal cord but also
parts of articulations are drained so that autochtho-
nously formed micrebubbles cannot be transported
for further absorption in the venous blood as with
other tissues (muscular and adipose tissues, for in-
stance). Symptoms could be also associated to such
stationary bubbles and explain partly type I and type
1I forms of decompression sickness.

CONCLUSION

This paper has presented different mechanisms that
have been proposed up to now to explain the fact
that microbubbles routinely circulate in large quanti-
ties in the venous return. Some of the more interest-
ing have been discussed. How they are formed and
how they are transferred into the bloodstream is of
primary interest for those who intend to describe the
mechanisms of decompression and prevent decom-
pression sickness with efficiency. By highlighting
the anatomical and hydrodynamic specificities of the
Iymphatic system and by assuming that the bulk of
the interstitial fluid around the cells represent a large
pool volume for microbubble formation, we have
proposed that lymphatics drain such microbubbles
up to the venous return, via collectors, lymph nodes
and ducts. After decompression, the microbubbles
so formed in tissues could be progressively trans-
ferred to the lymphatics, stabilized and finally eject-
ed into the venous blood. Even if peripheral bubbles
have been detected by Doppler (62, 6), supporting
the idea that microbubbles can form in the blood
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capillary network, it is proposed here that numer-
ous microbubbles are rather formed in tissues and
are transported by the slow lymphatic circulation.
Then, they can be detected with a Doppler during
hours following a decompression, even after moder-
ate hyperbaric exposures (63). This mechanism of
microbubble transfer into the bloodstream doesn’t
exclude the others but could be predominant.
|

ANNEX

We will note hereafter Py ;¢ the mixed venous blood
inert gas partial pressure and Pamy the ambient pres-
sure.

As an example, we will choose Levitt’s PBPK
approach and physiological data to model inert gas
exchanges in the body (64). Figure 4 (right) illus-
trates the corresponding tissues arrangement.

We intend to lead a first-order analysis of the car-
diac valves involvement using Levitt’s tissue flow
rates and perfusion limited approach, even if only
applied on his study for a standard human at rest,
in dry and normoxic conditions. At each instant, we
can write, in the course of an air dive, including the
decompression:

N .
2Q5 PpN,f
Py = 6y
0

= tof

where the indice / refers to a specific compartment
having a Q, blood flow rate, @ being the cardiac
output and Ppyy, its inert gas partial pressure.
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The authors are aware that the blood flow rates val-
ues and distribution at rest/dry conditions and during
a dive, with a moderate exercise level, are different
(65, 66) but prefer to not consider such complex as-
pect in this simplified analysis.

FIGURE 4

Liver g
; ;
=
Other 2
Skin
¢ Teadon
Adipose 1

Adipose 2
e e

Figure 4. Schematic diagram of the arrangement of the
different tissues in Levitt’s PBPK model (64).
Reprinted with permission

Figure 5 (facing page, top) illustrates how the dif-
ferent nitrogen partial pressures and P, i varies
during a given air exposure (30m/15min). It is clear
that the decrease of the mixed venous blood inert gas
content during the first minutes of a decompression
reflects the fast tissues’ behavior. This trend could be
moderated because the diver’s slight level of activity
during the ascent can limit the fast partial pressure
decrease of the mixed venous blood (stronger contri-
bution of muscles flow rate to the venous return).
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FIGURE 5
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Figure 5. Nitrogen partial pressures and ambient pressure variations for a 30-meter/15-minute air dive
(descent rate 20m/min and ascent rate 12m/min), according to Levitt’s PBPK approach and using
standard values for nitrogen solubilities in oil and water (67)/

It is important to specify what we call a supersatu-
ration state: A gas nuclei is no more stabilized by
surface-active molecules and will grow by a dif-
fusion process due to the supersaturated state of
the surrounding fluid if its radius r, is so that:

2y
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@)

Fp =¥, =

where r, is defined as the critical radius, g is
the surface tension of the surrounding fluid and

PSS:‘PV_mix_(Pamb_B) (3)

is the supersaturation pressure. b is the sum of ve-
nous metabolic gases (oxygen and carbon dioxide)
and the water vapor partial pressures. Following Van
Liew (68), for a wide range of arterial oxygen partial
pressure going up to 2 atm, the sum of venous oxygen
and carbon dioxide partial pressures can be assumed
constant (40mmflg and 46mmHg respectively).

It is interesting to point out here that, for
the example described above, the mixed ve-
nous blood is in a supersaturated state be-
tween the 16th and the 22nd minute only.

The number of nuclei recruited at the car-
diac valves level is probably all the more nu-
merous because the supersaturation level is
high (34). Because of this, it should have a
great impact to lmit Py during the ascent.

To continue with the implications of Hennessy’s
proposition, we can use the well-known Epstein
and Plesset approach of bubble growth dynam-
ics (69). The equation and the associated assump-
tions have been clearly presented by Yount (18)
and the expression for the bubble radius rate evolu-
tion in our context can be formulated as follows :
dr _ RID,S, (1+ r ] =
dt r mDyt |p LAY

3r

)
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Where R is the perfect gas universal constant, T
the temperature (37°C here), Dy is the gas dif-
fuusion coefficient in the blood, S; is the gas solu-
bility in the blood and r is the bubble radius.
Clearly, the rate of growth of a microbubble born
from an activated micronuclei is all the more higher
than the supersaturation level of the swrrounding me-
dium is high (blood, in this case), but also all the more
important becausethat the ambient pressure is low.
O
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