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Extended lifetimes of bubbles at hyperbaric pressure may contribute to inner
ear decompression sickness during saturation diving

David J. Doolette and Simon J. Mitchell
Department of Anaesthesiology, The University of Auckland, Auckland, New Zealand

Abstract

Inner ear decompression sickness (IEDCS) may occur after upward or downward excursions in saturation diving. Previous studies
in nonsaturation diving strongly suggest that IEDCS is caused by arterialization of small venous bubbles across intracardiac
or intrapulmonary right-to-left shunts and bubble growth through inward diffusion of supersaturated gas when they arrive in the
inner ear. The present study used published saturation diving data and models of inner ear inert gas kinetics and bubble dynam-
ics in arterial conditions to assess whether IEDCS after saturation excursions could also be explained by arterialization of venous
bubbles and whether such bubbles might survive longer and be more likely to reach the inner ear under deep saturation diving
conditions. Previous data show that saturation excursions produce venous bubbles. Modeling shows that gas supersaturation in
the inner ear persists longer than in the brain after such excursions, explaining why the inner ear would be more vulnerable to
injury by arriving bubbles. Estimated survival of arterialized bubbles is significantly prolonged at high ambient pressure such that
bubbles large enough to be filtered by pulmonary capillaries but able to cross right-to-left shunts are more likely to survive
transit to the inner ear than at the surface. IEDCS after saturation excursions is plausibly caused by arterialization of venous bub-
bles whose prolonged arterial survival at deep depths suggests that larger bubbles in greater numbers reach the inner ear.

NEW & NOTEWORTHY Inner ear decompression sickness that occurs during deep saturation diving is explained by arterializa-
tion of venous bubbles across intracardiac or intrapulmonary right-to-left shunts and growth of these bubbles if they arrive in the
inner ear. Bubbles in arterial blood have prolonged lifetimes at hyperbaric pressures compared with at sea level. This can
explain why inner ear decompression sickness is more characteristic of rapid decompressions at great depths than of decom-
pression at sea level.

bubble dynamics; high ambient pressure; intrapulmonary arteriovenous anastomosis

INTRODUCTION

Inner ear decompression sickness (IEDCS) most commonly
causes vestibular symptoms (vertigo, nausea, ataxia) and, less
commonly, cochlear symptoms (tinnitus, hearing loss) (1). In
�75% of cases, inner ear symptoms are the only manifestation
of decompression sickness (DCS) (2). Previously, IEDCS
seemed to be associatedwith deep dives using heliox or trimix,
but it has been increasingly seen after air dives, albeit at the
deeper end of the recreational range (1, 2). IEDCS symptoms
may arise after surfacing, typically with short latency (within
30 min) (2). This is the most common pattern after recrea-
tional air dives and is also seen after deep heliox or trimix
dives. IEDCS may also arise before surfacing during decom-
pression from deep dives and during subsurface ascents in sat-
uration diving. In deep dives, onset has occasionally been
temporally associated with breathing gas switches from he-
lium-richmixes to air or nitroxmixes (3).

Multiple pathophysiological paradigms for IEDCS have
been proposed. One possibility is the formation of “autoch-
thonous” bubbles from supersaturated gas within the inner

ear itself. This supersaturation may result from decompres-
sion or from inert gas counter-diffusion after switches from
helium-rich to nitrogen-rich breathing mixtures (3). Also,
the strong association between inner ear DCS and the pres-
ence of a right-to-left shunt (RLS), such as a large persistent
(patent) foramen ovale (PFO), reported in multiple studies
cited in the article by Mitchell and Doolette (2), suggests that
venous gas bubbles (also called venous gas emboli or VGE)
crossing an RLS can be causative (2, 4). In the latter para-
digm, arterialized VGE are more likely to cause injury if they
reach a tissue that is gas supersaturated where inward diffu-
sion of gas causes them to grow. Slower inert gas elimination
and more prolonged supersaturation in the inner ear than in
the brain provide an explanation for the selective vulnerabil-
ity of the inner ear compared with the brain when both are
exposed to arterialized VGE (5).

In this article, we explore the hypothesis that IEDCS
occurring after excursions in saturation diving is also a result
of VGE crossing an RLS and reaching the inner ear while it
remains supersaturated, allowing these tiny bubbles to grow
and cause injury. We first review existing evidence that
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IEDCS is characteristic of excursion decompression in satu-
ration diving and that these decompressions are associated
with VGE formation. We then use our previously published
gas kinetic models to investigate whether these decompres-
sions also produce substantial inner ear gas supersaturation.
Finally, we use models of bubble dynamics to explore the
possibility that bubbles could have prolonged lifetimes in
pulmonary venous and systemic arterial blood at greater
depths, which would increase the likelihood that VGE can
survive long enough to become arterialized (via a PFO or
transpulmonary passage) and reach the inner ear.

SATURATION EXCURSIONS, IEDCS, AND
VGE

Saturation diving is a technique for diving where divers
live for days or weeks in a dry chamber at a “storage depth”
and periodically enter the water to perform work. Divers
undergo very slow “saturation decompression” (typically
�12 kPa·h�1) to the surface at the end of the operation.
Commonly, divers make descents (downward excursions) to
complete underwater tasks and then return to storage depth.
Divers may also ascend above storage depth (upward excur-
sion) to complete underwater tasks and then return to stor-
age depth. Less commonly, upward excursions are made in
the dry chamber to change storage depth or commence satu-
ration decompression. Decompression during these excur-
sions can be as fast as 184 kPa·min�1, much faster than
saturation decompression. DCS occurring during saturation
decompression usually manifests asmusculoskeletal pain (6,
7). In contrast, DCS arising from an upward excursion from
storage depth or following a long-duration downward excur-
sion is often severe, occasionally with spinal manifestations,
but more commonly is IEDCS without other manifestations
arising during or shortly after decompression. Published

cases of IEDCS from saturation-excursion diving are mostly
from experimental dives with upward or downward excur-
sions of greater magnitude than that used in current opera-
tional diving.

The U.S. Navy unlimited duration excursion limits were
published in 1978 and subsequently revised twice (8). These
limits are the maximum distance upward excursion that can
be made at 184 kPa·min�1 from saturation at a particular
storage depth to a shallower storage depth, but these excur-
sion distances are also used to make downward excursions
with no restriction on bottom time and direct decompression
back to storage depth. There are two published reports
describing eight DCS cases (Table 1) attributable to upward
excursions using the earlier U.S. Navy limits (8, 9). There
were two cases of musculoskeletal DCS, one case of serious
spinal DCS, and five cases of IEDCS; all but one IEDCS
occurred within an hour after the decompression (8, 9). The
upward excursions that resulted in serious manifestations
were greater than the current limits. IEDCS after excursions
also occurred during the development of saturation diving
procedures at the Royal Navy Physiological Laboratory,
although musculoskeletal DCS was equally common (Table
1). IEDCS resulted from upward excursions from 791 to 571
kPa and during rapid initial decompression (� 110 kPa·h�1)
from a very deep (4.7 MPa) saturation dive (10, 11).

IEDCS also occurs after decompression from long-dura-
tion downward excursions (Table 1). During “Predictive
Studies IV” saturation dives conducted at the University of
Pennsylvania, a total of 25 excursions were made from 2.71
MPa storage to 3.78 MPa or from 3.78 MPa storage to 5.00
MPa. Excursions were of various durations, and the 11 lon-
gest excursions (20–40 min of compression and 55 min at
the bottom) resulted in two IEDCS and one spinal DCS either
during or shortly after decompression back to storage depth
(13). During the Janus IV saturation dive conducted at the

Table 1. DCS after saturation excusions

No. of Excursions No. of IEDCS

No. of

Spinal DCS

No. of

Pain-Only DCS P1*, MPa P2†, MPa % USN Upward‡
Deco. Rate,

kPa·min21 VGE§, No/Yes/HG Reference

Upwards
104 5 0 1 4.39 3.67 131% 184 0/5/1 (8)

2.06 1.69 103% 184
245 0 1 1 3.17 2.5 133% 184 (9)
12 2 0 4 0.79 0.57 105% 120 (10)
2 1 0 0 4.70 4.02 119% 2 (11)
12 0 0 3 3.10 2.60 111% 100 1/11/8 (12)

Downwards
25 2 1 0 5.00 3.78 209% 14 0/11/NA (13)

3.78 2.71 213% 10
39 1 0 0 4.70 4.10 105% 10 31/8/2 (7)

Bounce
68 1 0 0 2.20 1.13 382% 5 51/17/5 (7)
15 3 1 0 2.09 1.48 168% 7 (14)

2.09 1.54 151% 28
315 11 NA NA 3.10 1.7 311% 4 (15)

1.60 0.58 329% 8

*Ambient pressure from which excursion decompression was initiated; for multiple P1, the deepest and shallowest resulting in severe
DCS are given. †Ambient pressure of symptom onset or end of excursion, the latter being either a hold at storage depth or transition to
saturation decompression rates (�12 kPa·h�1); if more than one excursion resulted in IEDCS, the largest excursion (lowest P2) is given.

‡% of current U.S. Navy upward excursion limit for dives resulting in severe DCS. P1, P2, excursion distances, and decompression rates
are for excursions resulting in DCS but are representative of all excursions in series. §No: number of excursions for which no VGE were
detected/Yes: number of excursions for which any VGE were detected/HG: number of excursions for which high-grade VGE were
detected. IEDCS, inner ear decompression sickness; DCS, decompression sickness; NA, not available; VGE, venous gas emboli.
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commercial diving company Comex, a downward excursion
from 4.10 MPa storage depth to 4.70 mPa for 4.5 h resulted
in IEDCS 30 min after return to storage (7). Comex also
reported three IEDCS cases resulting from downward excur-
sions from 1.30 MPa storage depth to 1.90 MPa, but no other
details of these cases are available, and they do not appear in
Table 1.

IEDCS has also been described during decompression
from extremely deep and long-duration heliox bounce dives
(nonsaturation dives of hours rather than days in duration)
that resemble saturation-excursions (7, 14, 15). These “excur-
sion-like” bounce dives were to depths (1.6–3.1 MPa) more
typical of saturation dives and for long bottom times (1–6 h).
Although the latter stages of decompression from these
bounce dives approach saturation decompression rates,
IEDCS occurred during the rapid initial decompression from
maximum depth (Table 1).

VGE measurements using precordial Doppler have been
made following excursions in five of the series summarized
in Table 1 and one other saturation dive not included in
Table 1 because of insufficient details in the only available
report. Bubble profusion was usually reported with the
Spencer scale of five ordinal grades from 0 (no bubbles) to IV
(continuous bubble signals overriding cardiac sounds) (16).
High-grade VGE were defined as �grade II (bubble signals in
many but less than half of cardiac cycles) at rest or �grade
III (bubble signals in most cardiac cycles but not overriding
cardiac sounds) with movement. The dive not included in
Table 1 was a 152-msw (1.62 MPa) saturation dive conducted
at the Defence and Civil Institute of Environmental
Medicine during which five divers made several upward
excursions to 121 msw (1.31 MPa, current U.S. Navy limit),
and high-grade VGE (grade II–III at rest) were detected in
two divers (17).

Of the excursions summarized in the first two rows of
Table 1, VGE measurements have only been reported for
Navy Experimental Diving Unit (NEDU) Deep Dive 81. A sin-
gle VGE measurement was made in each diver immediately
following an upward excursion from 3.17 MPa to 2.66 MPa
(110% of the current U.S. Navy limit). VGE were not detected
in the first diver insonated but were detected in the other
five divers, with a high grade (grade III at rest) in one diver
(8, 17). VGE measurements were made during and following
decompression from 11 of the 12 Predictive Studies IV down-
ward excursions from 3.78 MPa to 5.00 MPa (row 7 of Table
1). VGE were not conventionally graded but were detected
throughout decompression and after reaching storage depth
in all 11 excursions (13). During the Norwegian Underwater
Institute DEEP-EX 80 saturation dive, two upward excur-
sions were made from 3.10 MPa to 2.60 MPa (row 6 of Table
1), and VGE were detected in all six divers and following
both excursions in five of the divers. An unconventional,
Spencer-like grading system was used by which eight excur-
sions resulted in grades II to IV VGE at rest. Notably, bubbles
were also detected in the carotid and other arteries in all di-
vers, with grades II to III at rest in three of the divers (12).

In dive series with incidents of IEDCS and VGE detection,
there is a general association of IEDCS with excursions with
high VGE grades. During NEDU Deep Dive 81, IEDCS
occurred 35 min after the upward excursion in the only diver
with high-grade VGE (8, 17). During the Comex Janus IV

saturation dive, the one incident of IEDCS followed one of
the two excursions that resulted in high-grade VGE (7).
Similarly, the incident of IEDCS during decompression from
the Comex excursion-like bounce dives occurred in one of
the five dives that resulted in high-grade VGE (7). The
Predictive Studies IV saturation dive provides something of
an exception. Each of the four divers made three downward
excursions from 3.78 Pa to 5.00 MPa, and one excursion
resulted in IEDCS 18 min after reaching storage depth.
However, the diver with IEDCS was a “low-bubbler,” consis-
tently having the lowest bubble count per minute in the pul-
monary artery of all four divers (13). Contrary to the
association of IEDCS with high-grade VGE following excur-
sions, IEDCS is never reported during saturation decompres-
sion, although high-grade VGE commonly occur (7, 13, 17).

METHODS

Our physiological model of inner ear gas kinetics has pa-
rameters based on the published literature, the structure and
validation of which have been detailed previously (3). Three
well-stirred compartments represent the membranous laby-
rinth (the vascular compartment), the perilymph, and the
endolymph. Inner ear gas uptake and washout occur via per-
fusion equilibration of the membranous labyrinth with arte-
rial blood and, negligibly, by diffusion across the round
window. Within the inner ear, gas diffuses between the
membranous labyrinth and each of the labyrinthine fluid
compartments across diffusion-limited membranes of zero
volume. The diffusion time constants across these mem-
branes were formulated to reflect the geometry of the inner
ear. Such compartmental diffusion models provide a first-
order approximation of diffusion kinetics.

A well-established model of cerebral inert gas kinetics was
used to represent the brain. This model was constructed by
estimating the volume of a single, well-stirred compartment
by fit of the model to the arterial and sagittal sinus nitrogen
and helium concentrations and sagittal sinus blood flows
measured during sequential breathing of different inert
gases and changes in cerebral blood flow in anesthetized
sheep (18). For the present simulations, a normal cerebral
blood flow of 55mL·100 g�1·min�1 was assumed.

To simulate the dissolution of a spherical bubble in pul-
monary venous and systemic arterial blood, we use a three-
region, well-stirred tissue (“3RWT”) model in which the three
regions are the bubble, a shell of liquid surrounding the bub-
ble across which gas diffuses, and a region outside the shell
with uniform gas partial pressure (well stirred) (19, 20). The
3RWTmodel is physiologically plausible because the flowing
blood is assumed to be well stirred so that diffusion occurs
only through a thin layer near the bubble surface. The devel-
opment of the 3RWTmodel is detailed in Ref. 19 and Ref. 20,
and only key features are described here.

We model the survival of arterialized VGE at constant
depth and steady-state arterial conditions, as would prevail
from several minutes after decompression when VGE are
typically first detected and when IEDCS typically onsets. We
assumed that oxygen, carbon dioxide, and water vapor are in
equilibrium between the bubble and surrounding blood, and
for simplicity, we do not model the change from venous to
arterial values. As a result, the sum of oxygen, carbon
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dioxide, and water vapor partial pressures is a fixed contribu-
tion to bubble pressure (Pfix). The change in bubble size is
then the result of diffusion of one inert gas (i), e.g., helium or
nitrogen.

The pressure of inert gas i in a spherical bubble not in con-
tact with a surface or subject to any tissue elastic forces is
given by:

Pi ¼ Pamb þ 2c
r
� Pfix ð1Þ

where Pamb is the ambient pressure, c is the surface tension
of the liquid, and r is the bubble radius at the gas/liquid
interface.

The flux of inert gas i across the bubble surface is given by
Fick’s first law:

d PiVbubð Þ
dt

¼ ADiaigi ð2Þ

where Vbub is the volume of the bubble (Vbub = 4pr3/3), A is
the surface area of the bubble, D is the diffusion coefficient
of gas i in the liquid, a = HcpRT is the liquid-gas partition
coefficient in the liquid (Hcp is the Henry’s law constant, R is
the universal gas constant, and T is temperature), and gi is
the inert gas partial pressure gradient at the bubble sur-
face. Combining Eqs. 1 and 2 and solving for change in r
results in:

dr
dt

¼ aiDigi � r
3 � dPamb

dt

Pamb �
X

Pfix þ 4c
3r

ð3Þ

For the 3RWT model, the solution for the inert gas gra-
dient gi assumes spherical symmetry in the diffusion
region and assumes the bubble equilibrates with the sur-
rounding liquid much faster than changes in gas partial
pressures in the liquid, such that the explicit time-de-
pendent term of the diffusion equation can be ignored
(quasi-static approximation):

gi ¼ 1
h
þ 1

r

� �
Pws � Pið Þ ð4Þ

in which h is the thickness of the shell of liquid surround-
ing the bubble through which gas diffuses, and Pws is the
inert gas partial pressure in the well-stirred region outside
the shell. The 3RWT model has been used to model decom-
pression bubbles in extravascular tissue and blood using dif-
ferent values for h (19–22). Here, we will use two versions.
We will either set h = 1 mm or we will assume h varies with
bubble radius according to h = Z(1�e-r/Z), with Z = 50. The lat-
ter has h near Z for large bubbles and converges with bubble
radius for smaller bubbles and was found tomatch the disso-
lution of large nitrogen bubbles in water (23).

We assume that the pulmonary venous blood has the
same gas partial pressures as systemic arterial blood (PH2O =
6.26 kPa and PaCO2 = 5.12 kPa). For air breathing at the sur-
face, PaO2 = 14.92 kPa, and for a PIO2 of 40.5 kPa common in
saturation diving, PaO2 = 35.43. Pa,INERT = Pws = Pamb � Pfix.
Blood surface tension is 56 dyne·cm�1 = 56 kPa·mm (24).DHe =
9,300 mm2·s�1, aHe = 0.0094, DN2 = 2,900 mm2·s�1, and aN2 =
0.0151 (25).

Bubble dynamics were simulated numerically by iterative
solution of Eq. 1 and Eq. 3 (the latter incorporating Eq. 4)

using the LSODA variable step size differential equation
solver in the deSolve package of R (v. 4.0.5. R Core Team. R: A
language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing, 2021. URL: https://
www.R-project.org/). The R scripts are freely available at
https://github.com/Doolette/SatArtBubIE.

RESULTS

Figure 1 shows the calculated gas partial pressures in the
brain and the inner ear for the upward excursion in NEDU
deep dive 81. For clarity, only the inner ear compartment
representing the membranous labyrinth is shown. Gas par-
tial pressures in the compartments representing the endo-
lymph and perilymph follow similar time courses. It is the
membranous labyrinth that is vascularized, and it is this gas
partial pressure to which arterial gas emboli entering the
inner ear would be exposed. It is clear from Fig. 1 that super-
saturation in the inner ear is initially substantial (peak 383
kPa) and is prolonged during and after the upward excur-
sion. This period of supersaturation approximately coincides
with the onset of IEDCS 35 min after this excursion. Figure 1
also shows that there is only a brief period of supersaturation
in the brain. During saturation decompression (not illus-
trated), the inner ear is never supersaturated because the
decompression rates are slow relative to inner ear gas
kinetics.

Figure 2 shows the change in diameter of spherical bub-
bles in the pulmonary venous or systemic arterial blood. The
figure shows the dynamics for a bubble in which the inert
gas is nitrogen for a diver at sea level breathing air and for a
bubble in which the inert gas is helium for a diver at 2.6 MPa
breathing heliox (constant PIO2 = 40.5 kPa). The latter condi-
tions are those when venous and arterial bubbles were
detected in all divers during the Norwegian Underwater
Institute DEEP-EX 80 saturation dive. For both scenarios,

Figure 1. Simulation of inner ear and brain gas pressures during an
upward excursion in NEDU Deep Dive 81 that resulted in IEDCS with onset
35 min after the excursion. The absolute ambient pressure is shown in
gray. The sum of compartmental gas partial pressures for the vascularized
membranous labyrinth (inner ear, solid black line) and for cerebrum (brain,
dashed black line) includes a fixed contribution of 19 kPa representing ox-
ygen, carbon dioxide, and water vapor. Note the prolonged supersatura-
tion in the membranous labyrinth compared with the cerebrum.
Arterialized VGE will not grow if they reach the tissue after the period of
supersaturation. IEDCS, inner ear decompression sickness; VGE, venous
gas emboli.
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there are curves for models with the fixed and the variable
diffusion region thicknesses. The figure illustrates a bubble
with an initial diameter of 20 mm, which is confluent with
previously measured VGE and too large to pass through pul-
monary capillaries but could cross an RLS (26, 27). The 20-
mm-diameter bubble persists for 0.77 to 2.8 s at sea level and
for 11 to 42 s at 2.6 MPa. Bubbles of different sizes will have
different lifetimes. For instance, 30-mm-diameter bubbles
(not illustrated) persist for 1.7 to 9.0 s at sea level and for 26
to 140 s at 2.6 MPa, and 6.5-mm-diameter bubbles (small
enough to travel through a pulmonary capillary) dissolve in
0.081 to 0.13 s at sea level and in 0.93 to 1.5 s at 2.6 MPa.

DISCUSSION

The occurrence of IEDCS after excursions but not during
saturation decompression can be explained if this injury arises
from arterialization of VGE that reach the inner ear microcir-
culation, as has been previously proposed for bounce diving.
In that paradigm, arterialized VGE are much more likely to
cause injury if they reach a tissue that remains gas supersatu-
rated where bubbles will grow by inward diffusion of gas (2, 5).
In tissues that are not supersaturated (such as the brain), bub-
bles will dissolve or pass through the capillary bed and, gener-
ally, not cause injury. Thus, the patterns of supersaturation
shown in Fig. 1 explain why arterialized VGE would result in
injury to the inner ear but not the brain. Similarly, that the
inner ear is never supersaturated during saturation
decompression can explain why IEDCS is never seen in
that setting, despite high-grade VGE commonly occurring.

It is acknowledged that given the substantial and long-
lasting supersaturations in the inner ear after upward excur-
sions, the formation of autochthonous bubbles from super-
saturated gas within the inner ear itself must be considered
as an alternative cause for IEDCS. A study of animals sub-
jected to bounce dives found evidence of vascular injury and
assumed this to be due to local intravascular bubble forma-
tion (28). However, all tissues with half-times slower than
the inner ear will have greater and more prolonged local
supersaturation than the inner ear after an upward excur-
sion. These tissues would include those likely injured by au-
tochthonous bubble formation to produce musculoskeletal
pain in DCS. Thus, if IEDCS were caused by autochthonous

bubbles, one might expect it to be less common thanmuscu-
loskeletal DCS (pain) after an upward excursion, whereas the
opposite is reported. This latter argument admittedly takes
no account of potential differences in the sensitivity of tis-
sues to bubble formation.

The lungs are normally efficient at filtering and eliminat-
ing venous bubbles, presumably because VGE (diameter 19–
700 mm) pass into a capillary bed (mean diameter 6.5 mm)
(26, 27, 29). Under these circumstances, transpulmonary
transit of bubbles is delayed and bubbles dissolve as gas dif-
fuses from inside the bubbles to the alveolar gas. An RLS
that allows arterialization of VGE may be intracardiac (PFO
or atrial septal defect) or intrapulmonary arteriovenous
anastomoses (IPAVAs). Both intracardiac shunts and IPAVA
can be detected using agitated bubble contrast echocardiogra-
phy and are distinguished by differences in the time for right-
to-left transit. The anatomic size of IPAVA is unknown, but
their detection using agitated bubble contrast, which is quoted
as containing air bubbles with a mean diameter of 30 mm (30),
indicates that IPAVA can conduct bubbles of sizes that would
normally be removed by pulmonary capillaries. Divers without
intracardiac shunt arterialize VGE produced by decompres-
sion, presumably through IPAVA, and the proportion of divers
with an RLS increases from rest to �95% during exercise (31).
Although the PFO status of the cases reported in Table 1 is
unknown, all divers have the potential to arterialize VGE via
IPAVAs. It is striking that in the only study that made Doppler
measurements at arterial sites, arterial bubbles were detected
after upward excursions in all six divers (12). This finding may
be indicative of arterialization of VGE through IPAVA because
it is unlikely that all six divers had PFO, since the typical prev-
alence of PFO in divers is 25% (2).

For VGE to reach the labyrinthine artery, they must sur-
vive long enough to traverse the pulmonary capillaries or an
RLS and travel from the left heart to the posterior cerebral
circulation. If the VGE pass through a PFO or other intracar-
diac shunt, the right-to-left transit may be virtually instanta-
neous (<1 s), as is frequently observed in bubble contrast
echocardiography. Normal left ventricle ejection fraction is
� 60%, so some arterialized bubbles will swirl within the
chamber (as seen during echocardiography). Nevertheless, it
seems reasonable to assume that some bubbles transit from
the left atrium, through the mitral valve and the left ventri-
cle in a single cardiac cycle, e.g., within 1 s. In the case of
IPAVA, this transit will take longer. In saline contrast echocar-
diography, a delay of at least three cardiac cycles between
bubble opacification of the right heart and the appearance of
bubbles in the left heart is cited as indicative of IPAVA transit
(31). In terms of timing, this will amount to several seconds,
and published exemplars include a 5-s delay (32). Whether the
entirety of this transit should be considered an exposure to ar-
terial conditions is doubtful, given these anastomoses must
join the pulmonary veins distally. Since the gaseous milieu
within anastomotic blood cannot be known with certainty, it
seems reasonable to attribute half the transit to arterial condi-
tions (e.g., 2.5 s). If VGE must pass through the pulmonary
capillaries, the cardiopulmonary transit time from right to left
ventricle in resting subjects is �6.5 s, of which >80% (i.e.,
�5 s) is after the pulmonary arterial pathway (33).

Arterial transit of small bubbles from the left heart to the
cerebral circulation is likely rapid but modeling this process is

Figure 2. Simulation of dissolution of spherical bubbles with initial diame-
ter of 20 mm in pulmonary venous blood or arterial blood. Curves are for a
nitrogen-rich bubble in a diver at sea level breathing air and for a helium-
rich bubble in a diver at 2.6 MPa breathing heliox. The latter conditions
are those when venous and arterial bubbles were detected after an
upward excursion during the Norwegian Underwater Institute DEEP-EX
80 saturation dive.
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challenging. One attempt estimated a 1-s transit but ignored
transit through the labyrinthine artery itself, focused on the
wrong large proximal conduits (carotids rather than the verte-
brobasilar system), and incorrectly assumed each artery
receives the full cardiac output (22). Similar calculations using
published lengths, internal diameters, and blood flows for the
aorta, aortic arch or brachiocephalic artery, and subclavian
and vertebral arteries result in arterial transit times from the
left heart to the distal end of the left and right vertebral
arteries of 1.3 and 1.6 s, respectively (34, 35). To these values,
we add 200ms transit time between the vertebral and the bas-
ilar artery, as indicated by arterial spin labeling angiography
(36), and round up to 2 s to accommodate labyrinthine artery
transit, to approximate arterial transit time from the left heart
to the inner ear.

An approximate distillation of the previous paragraph
would suggest that in transit to the inner ear, VGE will be
exposed to arterial conditions for at least 3 s if they cross a
PFO, 5.5 s if they cross an IPAVA, and 8 s if they transit the
pulmonary capillary bed. During this transit, bubbles will
shrink, as inert gas diffuses down its concentration gradient
from inside to outside the bubble. At hyperbaric pressures,
the gas inside a bubble is denser, and the flux of gas out of the
bubble results in a smaller volume change than at sea level.
Consequently, bubbles of the same diameter will shrink more
slowly and have longer lifetimes at hyperbaric pressures than
at sea level. The present estimated lifetimes of VGE small
enough to readily transit the pulmonary capillary bed suggest
that they are unlikely to survive transit to the inner ear by any
route, whether at the surface or during deep diving. This sug-
gests that arterialization via a PFO or IPAVA is the more rele-
vant mechanism for IEDCS in saturation diving. Figure 2 is an
example of a VGE (20 mm diameter) too large to pass through
the pulmonary capillaries, that is unlikely to survive the
transit through a PFO or IPAVA to the inner ear at sea level
but can survive these same transits at 2.6 MPa. VGE that can
survive transit through a PFO or IPAVA to the inner ear both
at sea level and at hyperbaric pressure would reach the inner
ear at a larger size at hyperbaric pressure. The larger number
and the sizes of bubbles that can reach the inner ear (irrespec-
tive of the route of arterialization) at hyperbaric pressure
potentially influence the consequent risk of IEDCS. This may
explain why IEDCS is the most reported manifestation of DCS
after excursions at great depths.

The extent to which hyperbaric pressure in saturation div-
ing increases the number and the sizes of bubbles that can
reach the inner ear depends on the actual bubble dynamics, of
which we cannot be certain. We recognize that there are con-
ceptual difficulties with the 3RWT model, particularly that
equal gas flux at the inner and outer boundaries of the shell
results in constant shell gas content despite changing shell
volume (20). Even accepting the 3RWT approximation, the
thickness of the diffusion layer (h) has a large effect on bubble
lifetime, and there are no relevant experimental data of spheri-
cal bubble dynamics in blood with which to validate any
model. Nevertheless, we believe our two formulations of h are
physiologically plausible. A constant thickness shell h = 1 mm
could represent a shell of proteins or other blood constituents
accreted to a bubble, and simulations with h = 1 mm represent
the shortest likely bubble lifetimes. The simulations with this
formulation indicate an important increase of bubble

lifetimes at ambient pressure characteristic of saturation
diving. A shell with thickness varying with bubble radius
according to h = Z(1�e�r/Z) could represent a layer of stag-
nant blood surrounding the bubble. We acknowledge that
larger values of h and longer bubble lifetimes are possible.

The current U.S. Navy unlimited duration excursion limits
are the result of revisions in response to incidents of IEDCS
with the older limits (8), and DCS experience specifically
with the current limits has not been published. Many com-
mercial diving companies have developed even more con-
servative saturation-excursion procedures that allow only a
fraction of the excursion distance of the U.S. Navy excursion
limits, require a long hold at storage depth after a downward
excursion before commencing saturation decompression,
and prohibit upward excursions to initiate saturation
decompression (37). Analysis of such reduced limits indi-
cates that they should result in less VGE than the U.S. Navy
limits (37). The present results support saturation-excursion
procedures that limit VGE during the first hour after decom-
pression. The use of conservative saturation-excursion pro-
cedures is also supported by the experience of their use in
the Norwegian petroleum production industry, which has
reported no decompression sickness of any type between
2003 and 2021 despite �10,000 to 140,000 annual man-
hours of saturation diving (38).

This low incidence of IEDCS in modern saturation diving
makes standard approaches to investigating causal relation-
ships extremely difficult. For instance, it would be useful to
investigate the association of PFO with IEDCS in saturation
diving because it may be less strong than is the case for
bounce diving. After bounce diving, rapid transit of VGE to
the left heart via a PFO is important because of the relatively
short lifetimes of bubbles at sea level; however, alternate
routes of arterialization of VGEmay become increasingly rel-
evant when bubble lifetimes are prolonged at hyperbaric
pressures. Unfortunately, ever acquiring a sample of satura-
tion divers with IEDCS large enough for statistical evaluation
is unlikely. We acknowledge the limitations of our modeling
approach but nevertheless believe that it provides a plausible
argument for our hypothesis.

Conclusions

The strong association between IEDCS and right-to-left
shunts in bounce diving reported by multiple studies consti-
tutes a powerful argument that arterialized VGE arriving in
the inner ear circulation are involved. This paper demon-
strates the likely role of arterialized VGE in IEDCS following
saturation excursions by showing, first, historic data demon-
strating that such excursions result in VGE formation; sec-
ond, that in saturation conditions, bubbles can persist in the
arterial circulation longer than would be the case at surface
pressure, and therefore, VGE are more likely to reach the
inner ear in greater numbers and larger sizes; and third, that
the inner ear remains significantly supersaturated during
and following such excursions so that arriving bubbles will
grow. We conclude that, as in bounce diving, IEDCS follow-
ing saturation excursions is most likely caused by arterializa-
tion of VGE early after the decompression, with the growth
of bubbles facilitated by inward diffusion of supersaturated
gas from the surrounding inner ear tissue.
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