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(self-contained underwater breathing apparatus) diving
with compressed air is a frequent professional and recreational
activity performed regularly by millions of people. Recent
popularization of technical diving resulted in an increased
number of individuals conducting deep water excursions using
a mixture of oxygen, helium, and nitrogen (trimix). The main
purpose for using such breathing gas mixtures is to reduce the
percentage of nitrogen in the mixture by adding helium, thus
diminishing the negative effects that arise when breathing air
under high pressures (nitrogen narcotic effects and increased
resistance to breathing). However, decompression procedures
for trimix diving are primarily based on theoretical models and
have not been completely validated. Furthermore, trimix dives
are usually significantly deeper than the air dives and thus
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associated with more pronounced and/or different physiological challenges, such as higher ambient pressures, increased
average oxygen partial pressures, and formation of venous gas
emboli (VGE) of a potentially different nature.
VGE are frequently found in the venous circulation after
diving activities and are usually asymptomatic (“silent”). However, the excessive formation of bubbles in various tissues has
generally been acknowledged as the main cause of decompression sickness (DCS). After entering the circulation, VGE are
carried by the bloodstream to the pulmonary circulation, where
they can have mechanical, humoral, and biochemical effects.
Occasionally, gas emboli may cross over to the arterial, systemic side of circulation. This VGE crossover has been speculated to increase the risk of decompression injury. Similarly to
diving, gas bubbles on the arterial side were also detected in
some cases of DCS developed during high-altitude exposure
(36). Furthermore, in some animal models, systemic arterial
gas bubbles were found in parallel to large amounts of venous
bubbles and a neurological form of DCS (38). Moreover, the
appearance of arterialized VGE has been used as abort criterion
in some decompression experiments (37).
The crossover of VGE to the systemic circulation has usually been linked to patent foramen ovale (PFO) (21). Indeed,
PFO is considered as an important risk factor for development
of DCS, especially its neurological form (31, 47). Other precipitating factors for development of VGE arterializaton and
DCS are situations resulting in increased venous return, such as
coughing or performing Valsalva maneuver (20), or increased
pulmonary artery pressure (PAP) (46). In the absence of PFO,
arterialization of VGE was seldom observed (1, 33) and it was
ascribed to intrapulmonary shunts. A high percentage of arterializations was reported only during deep chamber saturation
excursions from 300 m of seawater (msw) to 250 msw (6).
Arterialized emboli were associated with mild knee pains that
promptly disappeared following compression to 270 msw, and
only one diver reported postdive severe depression with subsequent neurological exam showing changes indicative of a
minor hemispheral lesion. Although these divers were not
tested for the presence of PFO or intrapulmonary shunts, it is
also possible that diving at greater depths or using breathing
mixtures other than air alters the VGE production rate or the
incidence of arterialization.
Therefore, the main purpose of the present study was to
investigate the dynamics of VGE production and potential
occurrence of arterializations during a series of trimix dives.
METHODS

Study population. The study enrolled seven divers aged 40.2 ⫾ 9 yr
of age (range 31– 48) , with the average body mass index of 25.15 ⫾
2.16 kg/m2 and height of 1.8 ⫾ 0.1 m. Spirometry indicated mean
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doi:10.1152/japplphysiol.01369.2009.—SCUBA diving is associated
with generation of gas emboli due to gas release from the supersaturated tissues during decompression. Gas emboli arise mostly on the
venous side of circulation, and they are usually eliminated as they pass
through the lung vessels. Arterialization of venous gas emboli (VGE)
is seldom reported, and it is potentially related to neurological damage
and development of decompression sickness. The goal of the present
study was to evaluate the generation of VGE in a group of divers
using a mixture of compressed oxygen, helium, and nitrogen (trimix)
and to probe for their potential appearance in arterial circulation.
Seven experienced male divers performed three dives in consecutive
days according to trimix diving and decompression protocols generated by V-planner, a software program based on the Varying Permeability Model. The occurrence of VGE was monitored ultrasonographically for up to 90 min after surfacing, and the images were
graded on a scale from 0 to 5. The performed diving activities resulted
in a substantial amount of VGE detected in the right cardiac chambers
and their frequent passage to the arterial side, in 9 of 21 total dives
(42%) and in 5 of 7 divers (71%). Concomitant measurement of mean
pulmonary artery pressure revealed a nearly twofold augmentation,
from 13.6 ⫾ 2.8, 19.2 ⫾ 9.2, and 14.7 ⫾ 3.3 mmHg assessed before
the first, second, and the third dive, respectively, to 26.1 ⫾ 5.4, 27.5 ⫾
7.3, and 27.4 ⫾ 5.9 mmHg detected after surfacing. No acute
decompression-related disorders were identified. The observed high
gas bubble loads and repeated microemboli in systemic circulation
raise questions about the possibility of long-term adverse effects and
warrant further investigation.
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forced vital capacity at 119.0 ⫾ 18.1% and forced expiratory flow in
the first second at 109.2 ⫾ 11.3% of predicted values. All participants
were experienced divers and nonsmokers. At the time of the study, the
divers showed no signs of acute or chronic illness. All experimental
procedures were conducted in accordance with the Declaration of
Helsinki and were approved by the Ethics Committee of the University of Split School of Medicine. Each method and potential risks were
explained to the participants in detail, and they gave their written
informed consent before the onset of the experiments.
Location of the study and dive protocols. The participating divers
were active members of Croatian and Slovenian Search and Rescue
units, and the measurements were taken during their scheduled exercise in technical diving with trimix. Divers performed three dives in
consecutive days, and the representative dive profiles are displayed in
Fig. 1. Divers used a breathing mixture of oxygen, helium, and
nitrogen (trimix) for descent and ascent up to 21 msw, at which point
they switched to nitrox 50 (50% O2 and 50% N2) that was used for
decompression until resurfacing. Decompression procedures were
determined using V-planner software according to Varying Permeability 1 Model (VPM-B) (48). The performed dive profiles were
recorded on dive computers (Galileo, Uwatec, Johnson Outdoors,
Racine, WI) and downloaded to a PC for the purpose of confirming
the diver’s adherence to the planned protocols and obtaining other
dive parameters such as water temperature and depth. Divers refrained
from exercise at least 24 h before diving, during decompression stops,
or after the dives since these conditions were reported to affect the
production of VGE (11, 12, 14). They all wore dry suits and used
regularly serviced open-circuit breathing equipment. Ambient air
temperature varied between 25 and 28°C and the bottom water
temperature was 14 –15°C.
Detection of venous gas emboli. The presence of VGE in circulation was determined and evaluated using a well-established approach
in our laboratory (11, 15, 34). The subjects were placed in the left
supine position and an echocardiographic investigation with a phase
array probe (1.5–3.3 MHz) using Vivid i ultrasonic scanner (GE,
Milwaukee, WI) was conducted by an experienced cardiologist (A.
Obad). Gas emboli were observed as high-intensity echoes in the
pulmonary artery and cardiac chambers. Monitoring was performed at
45, 60, and 90 min after surfacing, at rest and after performing two
coughs. Obtained images were evaluated by two independent reJ Appl Physiol • VOL

searchers and graded on a scale from 0 to 5 according to the method
described by Eftedal and Brubakk (16). In all divers, an additional
echocardiograph investigation with color Doppler imaging was performed to search for potential intracardiac septal defects (such as
PFO).
Assessment of pulmonary artery pressure. Transthoracic echocardiography (TTE) was used to estimate mean PAP (mPAP) before and
within 120 min after a dive. The transducer was pointed to the outflow
tract of the right heart, with pulse wave Doppler sample volume
positioned at the level of pulmonary valve annulus. The pulmonary
artery flow velocity was averaged over three consecutive cardiac
cycles during breath-hold. AccT (time interval in ms between onset
and peak of systolic pulmonary artery flow) and RVET (time interval
in ms between onset and termination of systolic pulmonary artery
flow) were measured. The AccT/RVET ratio for each cardiac cycle
was used to calculate mean PAP, where log10(mean PAP) ⫽
⫺2.8(Acct/RVET) ⫹ 2.4 (25).
Statistical analysis. Bubble grade data are presented as median
(range). Mean PAP data are presented as means ⫾ SD, and the
comparisons of the predive and postdive values for each dive were
performed using Student’s t-test for paired samples. The level of
statistical significance was set at P ⬍ 0.05.
RESULTS

All seven divers successfully completed the diving protocols, and no signs or symptoms of DCS were observed or
reported. Figure 2 displays a typical four-chamber echocardiographic image recorded in supine resting position 45 min after
surfacing. Gas emboli were observed within the right cardiac
chambers but also on the left side of the heart. Immediately
after performing two forced coughs, the amount of VGE
recorded in the right cardiac cavities was transiently increased
(not shown). Bubble grade values assessed in the right heart at
different time points after each dive are shown in Table 1.
Arterialization of VGE was found in 9 of 21 dives and was
detected at least once in 5 of 7 subjects (Table 2). VGE were
observed in the left ventricle most commonly during the first
and second measurements taken at 45 and 60 min postdive [left
ventricular bubble grade values were 2 (2–3)], and in most
cases the arterialized VGE disappeared by the time of the last
measurement (90 min postdive). All cases of arterialization

Fig. 2. The presence of gas emboli in the heart after diving. Displayed is an
echographic apical 4-chamber view of the heart recorded at 45 min after dive
1 in 1 of the test subjects. Gas emboli are seen both in the right and left cardiac
cavities (arrows). RV, right ventricle; LV left ventricle.
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Fig. 1. Dive profiles performed in 3 consecutive days. Shown are the representative diving profiles performed by 1 of the test subjects (subject 2). Msw,
meters of seawater; Tx, breathing mixture of oxygen, helium, and nitrogen
(trimix) where the first number indicates the volume percentage of oxygen and
the second the volume percentage of helium; nitrox 50, breathing mixture
containing 50% oxygen and 50% nitrogen. Arrow indicates the depth (21 m)
where the divers changed their breathing gas to nitrox 50.

1671

1672

GAS BUBBLES ARTERIALIZATION AFTER TRIMIX DIVING

Table 1. Echographic evaluation of gas emboli in the right
heart
Bubble Grade
Dive No.

45=

60=

90=

1
2
3

4 (3–4)
3 (1–4)
3 (0–4)

3 (3–4)
3 (1–4)
3 (0–4)

3 (3–4)
3 (0–4)
2 (0–3)

Values are presented as median (range). Shown are bubble grade values
assessed in the right heart at 45, 60, and 90 min after every dive.

were associated with high bubble amounts in the right ventricle
(bubble grade 4 in the right heart at each instance of arterialization). PFO was detected in only one diver (subject 4).
Mean pulmonary artery pressure values rose significantly
from 13.6 ⫾ 2.8, 19.2 ⫾ 9.2, and 14.7 ⫾ 3.3 mmHg assessed
before the first, second, and the third dive, respectively, to
26.1 ⫾ 5.4, 27.5 ⫾ 7.3, and 27.4 ⫾ 5.9 mmHg detected after
surfacing.
DISCUSSION
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Table 2. Arterialization of gas emboli
Dive 1
Subject No.

1
2
3
4
5
6
7

45=

60=

A

A

Dive 2
90=

45=

Dive 3
90=

A
A

A
A

60=

A
A

45=

60=

90=

A
A
A

A

A

Displayed are individual data on the presence of gas emboli in the left
cardiac chambers at different time points after surfacing. “A” indicates occurrence of arterialization.
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This study demonstrates that after open-sea trimix diving, a
right-to-left crossover of the venous gas emboli occurred in 5
of 7 divers and in 9 of 21 dives. A functional PFO was detected
in only one diver. The arterializations were present up to 90
min after surfacing and were associated with high bubble
grades in right cardiac chambers and increased pressure in the
pulmonary artery. Despite the crossover of VGE, no signs or
symptoms of DCS were found.
Traditional air decompression tables have been evaluated
using the occurrence of DCS as an end point. In the present
study, we used a gas bubble grading system as an indicator of
decompression and dive stress. The production of VGE can be
monitored ultrasonically, using both the precordial Doppler
and echocardiographic scanning. Although it has been hypothesized that a large number of pulmonary artery bubbles increases the risk of DCS (18, 41), differences in scaling systems
used for grading the bubble amounts complicate the interpretation of the data (17). Diving profiles and decompression
protocols performed by this group of divers were based on a
trimix bubble model that keeps the predicted bubble volume
below some calculated critical level. Although the diving
excursions in this study were supposedly conservative according to the decompression algorithm used, a high incidence of
high-grade VGE was detected. This may be due to the fact that
the critical level is set too high and thus the decompression
may not be sufficient.
Despite the high VGE grades observed, no adverse clinical
outcomes during the course of the study were detected. However, we reported that even “silent” venous emboli are associated with subtle cardiovascular abnormalities such as reduced
left ventricle contractility and brachial artery endothelial dysfunction, which can last more than 24 h after diving (4, 13, 34).
Whether these acute asymptomatic changes may eventually
increase the risk for development of chronic cardiovascular
pathology or other long-term effects, such as osteonecrosis
(23), is presently unknown. Considering the paucity of data on
VGE formation and effects in trimix diving, and due to the
considerable amount of gas bubbles detected in this study, it
might prove important to ultrasonically (re)evaluate the trimix

decompression algorithms based on bubble growth and formation to obtain more information about gas separation and
bubble dynamics.
In the present study, gas emboli were detected on the arterial
side of the circulation in a significant portion of dives. The
causes leading to this effect and the anatomic pathway for VGE
passage are not completely clear. A functional PFO, which was
reported to increase the risk for development of DCS (31, 47)
presumably through mediating a large crossover of bubbles to
the left heart, was detected in only one of seven divers. On the
other hand, the transcapillary passage of VGE seems unlikely
since saline-contrast bubbles can be forced through the pulmonary microcirculation only with nonphysiological pressures
above 300 mmHg (30). Although this finding was supported in
additional studies (7), pretreatment with aminophylline greatly
reduced the filtering function of the lungs, allowing bubbles up
to 130 m in diameter to go through. Recently, a transpulmonary passage of saline-contrast bubbles was reported in almost
all healthy subjects during submaximal exercise (19). The
existence of these intrapulmonary (I-P) arteriovenous pathways
has been documented using 50- and 25-m solid microspheres
in isolated, ventilated, and perfused human and baboon lungs
(28). Moreover, in some subjects the agitated contrast echocardiography revealed that shunting can occur even at supine
rest, which was partially attributed to an increase in PAP in this
posture (44). In our previous work with submaximal exercise
performed after air diving (15), no arterializations were detected. However, whether the I-P shunts are open at rest after
trimix diving is unknown.
In addition to the high VGE load, a concomitant increase in
pulmonary artery pressure (that was doubled for at least 120
min postdive) may have contributed to the observed arterialization. Furthermore, pulmonary microembolizations and inflicted damage to the pulmonary endothelium (8, 22, 32) could
also lead to intrapulmonary redistribution of blood with regional overperfusion of some pulmonary capillaries and their
stress failure, as well as endothelial damage-induced increased
capillary permeability. It has also been reported that gas
embolism to the lung redistributed the perfusion, so that the top
of the lung, where most of the bubbles were located, was less
perfused (9). Thus areas with possible supersaturation can be
created after diving that could also contribute to postdive
shunting and prolonged arterializations. Microvascular damage
in pulmonary circulation was also found in our recent study
with trimix dives (29), where the signs of increased accumulation of extravascular lung water were observed. Furthermore,
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aggregations of platelets (3) or that they were linked to endothelial damage (4, 27, 34), if repeated dives associated with a
high incidence of VGE arterializations are to be performed, the
possible chronic consequences of recurrent gas microemboli to
the brain vasculature should be considered. Furthermore, recent neuroradiological studies reported an increased number of
ischemic brain lesions in asymptomatic divers without history
of decompression events (26, 40, 45), which may be associated
with “silent” cerebral embolism. In addition, neurological injury is currently the most frequent decompression-related problem in sport divers requiring treatment (5). Divers Alert Network (DAN) data from 2003 (10) indicate that most of injured
divers with neurological type II DCS (75–90%) have followed
dive profiles without performing any procedural error. It is
therefore possible that the VGE in the systemic circulation are
at least partially responsible for these acute cases of divingrelated injury.
In conclusion, the present study demonstrated that the tested
trimix profiles, generated by a widely used model of bubble
formation, resulted in high VGE levels and arterialization that
was evident in human subjects even at supine rest. Although no
acute decompression-related disorders were identified, the possibility of long-term adverse effects due to the potentially
harmful repeated microemboli in the systemic circulation cannot be excluded. Future studies investigating in more detail the
individual susceptibility and the incidence of arterial bubbles in
other decompression models and diving procedures appear
essential.
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