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ABSTRACT

Exposure to a reduction in ambient pressure such as in
high-altitude climbing, flying in aircrafts, and decompression
from underwater diving results in circulating vascular gas
bubbles (i.e., venous gas emboli [VGE]). Incidence and
severity of VGE, in part, can objectively quantify decom-
pression stress and risk of decompression sickness (DCS)
which is typically mitigated by adherence to decompression
schedules. However, dives conducted at altitude challenge
recommendations for decompression schedules which are
limited to exposures of 10,000 feet in the U.S. Navy Diving
Manual (Rev. 7). Therefore, in an ancillary analysis within
a larger study, we assessed the evolution of VGE for two
hours post-dive using echocardiography following simulated
altitude dives at 12,000 feet. Ten divers completed two dives
to 66 fsw (equivalent to 110 fsw at sea level by the Cross

INTRODUCTION

Diving at altitudes above sea level are conducted for rec-
reation, research, commercial and military operations
[1]. Diving at altitude presents additional challenges to
decompression algorithms due to augmented pressure
difference between that at depth and the surface. Revi-
sion 6 of the U.S. Navy Diving Manual was published
in 2008 and was the first to include conversion tables
for altitude dives up to 10,000 feet, which remains the
upper limit of diving at altitude according to the U.S.
Navy Diving Manual, Rev. 7 [2]. Recommendations for
conducting diving operations and appropriate decom-
pression schedules can still be obtained above 10,000
feet using the U.S Navy Altitude Diving Procedures (i.e.,
Cross correction for sea level equivalent). However,
validation of the adaptation of these methods above

correction method) for 30 minutes in a hyperbaric chamber.
All dives were completed following a 60-minute exposure at
12,000 feet. Following the dive, the chamber was decom-
pressed back to altitude for two hours. Echocardiograph
measurements were performed every 20 minutes post-dive.
Bubbles were counted and graded using the Germonpré and
Eftedal and Brubakk method, respectively. No diver present-
ed with symptoms of DCS following the dive or two hours
post-dive at altitude. Despite inter- and intra-diver variability
of VGE grade following the dives, the majority (11/20 dives)
presented a peak VGE Grade 0, three VGE Grade 1, one VGE
Grade 2, four VGE Grade 3, and one VGE Grade 4. Using the
Cross correction method for a 66-fsw dive at 12,000 feet of
altitude resulted in a relatively low decompression stress
and no cases of DCS. 1

10,000 feet has been limited to few field and laboratory-
controlled studies [1].

Dive tables and decompression algorithms are used to
mitigate the risk of decompression sickness (DCS), which
are based on probabilistic models developed from oper-
ationally relevant man-dives. DCS has a complex patho-
genesis which results, in part, from inert gas bubbles
during or after decompression from hyperbaria (e.g.,
diving) or acute exposure to hypobaria [3]. Generally,
these gas bubbles are present in venous circulation (i.e.,
venous gas emboli [VGE]), are benign in nature, and are
filtered by the lungs. VGE incidence and severity carries
a DCS risk of ~10% for diving decompression (i.e., weak
positive predictor), while the absence of VGE is a strong,
negative predictor of DCS risk [3,4]. Despite evidence of
a relation between VGE and DCS [5,6], caution should
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be taken when extrapolating VGE and DCS risk [7].
However, the use of VGE measurements represents one
of the only current objective measures of decompression
stress and could be used rather than an incidence of DCS
as the study endpoint [4,8] despite its current limitations
[7].

Therefore, the purpose of this study was to assess de-
compression stress following a single dive conducted
from a simulated altitude of 12,000 feet by measuring
the incidence and severity of VGE using echocardiog-
raphy. The present study was conducted as an ancillary
analysis from a larger study examining the effects of
diving at altitude and the efficacy of respiratory muscle
training on exercise ventilation during a single, no-stop
dive to 66 feet of seawater (fsw)[9].

METHODS

Subjects

Ten men participated in the study. Subjects were either
certified recreational divers or were experienced with
hyperbaric and/or hypobaric exposure. Prior to the ex-
perimental dives subjects completed a health history
questionnaire and a diver physical examination with a
study physician. Subjects were excluded for any neuro-
logic, metabolic, pulmonary or cardiovascular disease.
Subjects self-reported to be non-smokers and not cur-
rently taking any medications that are known to alter
pulmonary, cardiovascular, or neurologic function. Prior

to beginning the experimental trials subject anthro-

Table 1. Bubble grades according to the
Eftedal and Brubakk Scale
Grade  Description
0 No bubbles
Occasional bubbles
At least one bubble per four cardiac cycles
At least one bubble per cardiac cycle
Continuous bubbling

‘White out’- individual bubbles
are indistinguishable

N L B S N R S

pometrics (i.e., body height, mass, and three-site skin
folds) were measured. Subjects also completed a maximal
exercise test (VOzpeak) on a cycle ergometer to assess
cardiorespiratory fitness and establish workload during
the experimental dives. Subject characteristics are de-
scribed in Table 1. Additionally, subjects completed a
brief familiarization dive in the hyperbaric chamber to
ensure that they could comfortably clear their ears with
changing depth. Ethical approval was granted by the
Institutional Review Board at the University at Buffalo
and the study performed in accordance with the
Declaration of Helsinki.

Dive protocol

Subjects completed three dives: a single dive to 55 fsw
from ground level (i.e., control dive) and two simulated
altitude dives from 473 mmHg (0.636 atmospheres

FIGURE 1
Schematic of the simulated altitude dive profile.
T0.636 ATA .
12,000 ft 12,000 ft
+ 0.98ATA : —_ —_— —_—
4 26ATA R
55 fsw
15min- 60 min 15min 30min 15 min 120 min 15 min

Divers were decompressed from ground level (0.98 ATA) to altitude (0.636 ATA) for 60 minutes prior to

recompression to ground level (15-min. stop) and compression to depth (2.7 ATA) for 30 minutes.

Following the dive, divers were decompressed to ground level (15-min. stop) followed by decompression back

to altitude for 120 minutes where Doppler ultrasound measurements were completed every 20 minutes.
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absolute (ATA) or 12,000 feet above sea level; Figure 1).
The first two dives (i.e., the control dive and first simu-
lated altitude dive) were separated by at least seven days.
The final simulated altitude dive was completed following
four weeks of resistance respiratory muscle training
(~5 weeks following the first simulated altitude dive). No
subjects were exposed to hypo- or hyperbaria outside of
the experimental trials during the duration of the study
protocol. To simulate the altitude exposure the hypobaric
chamber was decompressed at a rate of ~1,000 feet per
minute. Subjects rested supine for a 60-minute altitude
exposure before compressing back to ground level for
a brief (~15-minute) surface interval to allow for the
chamber to be prepared to dive. All dives were initiat-
ed from 744 mmHg (~ 600 feet above sea level) in the
hyperbaric chamber. The dry hyperbaric chamber was
pressurized to 1,292 mmHg gauge pressure relative to
ground level, to simulate a depth of 2.6 ATA (55 fsw)
for 30 minutes.

It is important to note that the simulated altitude
dives consisted of two independent descents. First, sub-
jects were recompressed from 0.636 ATA to 0.98 ATA
(~11 fsw equivalent) to reconfigure the chamber from
hypo- to hyperbaric use. Following a 15-minute stop at
0.98 ATA. The chamber was pressurized to descend at
a rate of 75 feet per minute to 55 fsw (i.e., second de-
scent). Therefore, the actual operating depth (relative
to altitude) was 66 fsw. Furthermore, the equivalent
depth at altitude was calculated in accordance to the
U.S. Navy Diving Manual [2] and based on the Cross
correction equation for sea level equivalent [10] from
0.98 ATA (i.e., ground level) to 0.636 ATA (12,000 feet)

where:
Equivalent Depth at Altitude (103.7 fsw) =

Depth at altitude (66 fsw)x (Barometric Pressure at Sea Level |1 ATA]
+Barometric Pressure at Altitude [0.636 ATA])

The descent rate was slowed or paused if the subject or
tenders had difficulty equalizing pressure in their ears.
Upon reaching 2.6 ATA, bottom time started and sub-
jects were transitioned to the wet side of the chamber.
Subjects were seated in the wet pod (25°C) such that the
water was at the level of the clavicle; subjects breathed
from a surface-supplied demand regulator (i.e., 21% O,,
78% N,, 0.04% CO,). During the immersion period,
subjects cycled on an underwater ergometer at a mod-
erate intensity (i.e., 55% VO,,,,) for 20 minutes before
being transitioned back to the dry pod for ascent.
Periodically, the chamber was vented while chamber
pressure was maintained as needed to prevent the
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subjects from being exposed to a hypercapnic environ-
ment. The chamber was decompressed to ascend at a
rate of 30 feet per minute. Immediately after exit-
ing the chamber, the subjects were given a neurologic
assessment to screen for signs and symptoms of DCS.
Following a brief surface interval at ground level
(<20 minutes) to reconfigure the chamber for hypo-
baria, subjects re-entered the chamber to be decom-
pressed back to altitude for two hours to assess VGE.

Measurements

For the single no-stop dive from ground level, echocar-
diograph measurements were made pre- and immediately
post-dive. For the simulated altitude dives, echocardio-
graph image acquisition were made pre-dive (during
the surface interval between the altitude exposure and
the dive) and post-dive at altitude every 20 minutes for
two hours. Images were acquired initially at rest, but
then completed following single upper and lower limb
movements. During movement periods, the subject
flexed and extended the selected limb five times to
mobilize intravascular gas bubbles presumably lodged
in the venous pathway. Sonography for the detection of
intravascular bubbles was performed by the same oper-
ator in all visits via adult cardiac Doppler ultrasound
(GE Vivid-Q, Chicago, Illinois, U.S.) using a left lat-
eral decubitus position. An apical four-chamber view
echocardiography recording (2D live acquisition mode,
phased-array transducer 1.7-3.4 MHz, 70.3 frames per
second) was acquired for each time point to evaluate
circulating intravascular gas bubbles. Echocardiography
videos comprised 10 cardiac cycles and were saved for
post-processing. The number of bubbles were counted
on 10 consecutive cardiac cycles and averaged to
account for beat-to-beat bubble variation according
to the methods proposed by Germonpré et al. [11].
Furthermore, bubbles were graded based on the
methods of Eftedal and Brubakk (Table 1) [12].

Data and statistical analysis

For each time point, VGE were assessed independent
from the sonographer by the study physician (ES]) per
the methods of Germonpré et al. [11] and Eftedal and
Brubakk [12]. Intravascular gas bubbles were counted
and graded for measurements completed before and
after the control dive that was conducted prior to the re-
spiratory muscle training intervention. Because the two
simulated altitude dives were conducted pre- and post-
respiratory muscle training, intravascular gas bubbles
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FIGURE 2

Venous gas emboli (VGE) analysis during a two-hour
post-dive simulated altitude exposure at 3,658 m.
Bubble count (A) and VGE grade (B) were quantified
using the Eftedal and Brubakk scale every 20 minutes
post-dive. Individual values (gray lines; n=20) are
plotted with mean and SD (solid black line). Data were
analyzed using a repeated measures one-way ANOVA.

were counted and graded within-subject (training ef-
fect) and time point (time effect). A two-way, repeated
measures analysis of variance (ANOVA) was completed
to determine if there was an effect of respiratory muscle
training on VGE count and grade. Data were analyzed
on Prism (Version 8.4, GraphPad Software Inc., La Jolla,
California, U.S.). Significance was set a priori at an alpha
level of 0.05.
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RESULTS
A total of 10 control dives (i.e., from ground level) were
performed, with all 10 resulting in no intravascular bub-
bles counted and subsequently, all with VGE Grade 0
(Table 2). There were a total of 20 dives at altitude (pre-
RMT n =10; post-RMT n=10). Mean (SD) and individu-
al bubble counts and scores are presented in Figures 2A
and 2B, respectively. There was no main effect of time
at altitude (p=0.36), effect of respiratory muscle train-
ing (p=0.39), or interaction (p=0.39) on intravascular
bubble count. Additionally, there was no main effect of
time at altitude (p=0.14), effect of respiratory muscle
training (p=0.56), or interaction (p=0.87) for VGE grade.
Given that there was no effect of respiratory muscle
training on intravascular bubble count or VGE score,
all altitude dives were grouped to assess incidence and
severity of VGE grade and the time associated with the
onset and peak VGE grade (Table 2). There were no cases
of DCS symptoms in any of the control or altitude dives.
Similar to that of Cialoni et al. [13], after divers were
graded they were divided into three groups (Table 3):
1) non-bubblers; 2) variable bubblers; and 3) bubblers.
Non-bubblers were those divers who never developed
VGE and presented a peak VGE Grade 0 during both
simulated altitude dives. Variable bubblers were divers
who presented a peak VGE Grade >1 in one of two
simulated altitude dives. Finally, bubblers were divers
who presented a peak VGE Grade >1 in both simu-
lated altitude dives.

DISCUSSION

The present study was an ancillary analysis of VGE for
two hours following dives conducted from a simulated
altitude. Each subject completed a single dive to 55 fsw
for 30 minutes from ground level (i.e., control dive) and
two dives to 66 fsw from a simulated altitude of 12,000
feet. The primary finding was that the adaptation (from
the upper limit of 10,000 feet) of the U.S Navy Altitude
Diving Procedures (i.e., Cross correction for sea-level
equivalent) for a simulated altitude dive at 12,000 feet
resulted in relatively low decompression stress. This is
highlighted by the majority of dives (55%) presenting
with a peak VGE Grade 0 (range: 0-4) and no dives
resulting in symptoms of DCS. A secondary finding
was that five of 10 subjects presented with a peak
VGE Grade 0 on one of the simulated altitude dives,
while presenting with a peak VGE Grade >1 from the
same altitude dive exposure (i.e., variable bubblers).

Hess HW, Wheelock CE, St. James E, et al.
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TABLE 2
dive profile = VGE grades peak post-dive peak during ALT  onset time onset time VGE resolution
(# exposures) (E&B* scale) (# dives [%]) (# dives [%]) any VGE grade peak VGE grade from first onset
(min [# dives]) (min [# dives]) (min)

17m/30min 0 10 [100%] - - - -
dive only 1
(n=10) 2

3

4

5
60 min ALT 0 16 [80%] 11 [55%] 13(14) min 31(37) min 66 (36) min
+ 17m/30min 1 3 [15%] [9 dives] [9 dives]
dive + 120min 2 1[5%] 1[5%]
ALT (n=20) 3 3 [15%] 4 [20%)

4 1 [5%]

5 0[0%]

Venous gas emboli (VGE) analysis before and after a single no-stop dive to 17 meters from ground level and during
a two-hour post-dive simulated altitude exposure (ALT) at 3,658 meters following a single no-stop dive at altitude.
* Eftedal & Brubakk

TABLE 3. VGE grade and bubble susceptibility classification

subject  classification  time point 0 20 40 60 80 100 120
1 Bubbler Dive 1 B 3 2 3 0 0 0
Dive 2 3 1 0 4 0 0 0
3 Non-Bubbler Dive 1 0 0 0 0 0 0 0
Dive 2 0 0 0 0 0 0 0
4 Variable Dive 1 0 0 0 0 0 0 0
Dive 2 0 1 0 1 0 0 0
6 Variable Dive 1 2 3 0 0 0 0 0
Dive 2 0 0 0 0 0 0 0
7 Non-Bubbler Dive 1 0 0 0 0 0 0 0
Dive 2 0 0 0 0 0 0 0
8 Non-Bubbler Dive 1 0 0 0 0 0 0 0
Dive 2
9 Variable Dive 1 0 0 0 0 0 0 0
Dive 2 0 1 0 0 0 0 0
10 Variable Dive 1 0 0 0 0 0 0 0
Dive 2 0
11 Bubbler Dive 1 0 0 0 1 0 0
Dive 2 B 0 0 1 0
12 Variable Dive 1 0 2 2 0 1 3
Dive 2 0 0 0

Venous gas emboli (VGE) analysis during a two-hour post-dive simulated altitude exposure at 3,658 m.
VGE grades were quantified using the Eftedal and Brubakk scale every 20 minutes post-dive.
Divers were divided in three groups: 1) Non-bubbler (n=3); 2) Variable bubbler (n=5); and 3) Bubbler (n=2).
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Similar to Papadopoulou, et al. [14], we observed both
inter- and intrasubject variability in the incidence and
severity of VGE, as well as the time course of the de-
tection of and peak VGE (Table 2). It is interesting to
highlight that there was intrasubject variability of the
detection of and peak VGE. Despite having undergone
the same altitude dive exposure, subjects presented with
a range of decompression stress. We observed that some
subjects (2/10) presented with detectable bubbles on each
of the simulated altitude dives, while others (3/10) never
presented with any detectable bubbles. The underlying
mechanism that may augment the susceptibility to
develop VGE remains unknown [6]. Furthermore, it is im-
portant to note that the subjects in the present study were
all young, healthy, fit men, which are characteristics that
have been shown to result in fewer bubbles compared to
older, heavier or less fit divers [15]. Therefore, there was
no clear phenotype within the present study that would
inherently make one diver more prone to develop VGE.

VGE have long been the target of correlation for the
development and risk of DCS. However, the presence of
VGE alone is a poor surrogate for the incidence of DCS
when testing probabilistic models. Typically, decompres-
sion tables are tested by conducting many man-dives with
an endpoint of an acceptable probability of developing
DCS (e.g., <3%). Moreover, experiments resulting in po-
tentially severe outcomes should be limited in humans.
While VGE do not diagnose DCS per se, measurement
of VGE could be a standard to assess decompression
stress [3,6, 7,14]. Such measurements could be used for
validating decompression schedules like in the present
study due to the strong negative relation between VGE
and DCS [3].

Considerations

Several experimental considerations are applicable to our
study. Caution must be expressed when extrapolating
the findings from our simulated altitude dive decom-
pression stress. While chamber-based dives are generally
experimentally controlled (relative to pool or open-water
experiments), there are complications in determin-
ing the dive profile when simulating altitude dives in a
hypo- and hyperbaric chamber. The Navy Diving Manual
(Rev. 7) provides two methods for accounting for the
augmented susceptibility to DCS after an altitude dive
[2]. First, the increase in the fractional change in inert
gas partial pressure is augmented when diving at alti-
tude. This is addressed by using the Cross correction
for sea-level equivalent. This method sets the operating
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depth to use for the dive tables and decompression sched-
ules. Second is the equilibration of tissue inert gas to
the new altitude. This is generally accepted to be com-
plete 12 hours after ascent. For dives initiated within the
12 hours a repetitive group designator is assigned to a
diver depending on the altitude. Our subjects would be
assigned a repetitive group designator I’ for 10,000 feet
(not specified for higher altitudes). Therefore, the first
dive at altitude should be considered a repetitive dive.
The ‘T repetitive group carries a residual nitrogen time
of 23 minutes that would need to be added to the bottom
time.

Our simulated altitude dive was not a typical square
dive profile (Figure 1), which gives rise to two consider-
ations. First, if bottom time is calculated from the time
the subjects were recompressed from altitude, the actual
bottom time would be ~46 minutes (i.e., one-minute
descent from altitude, 15-minute stop at ground level,
and 30 minutes at depth). Additionally, if the subjects
were designated as T repetitive divers, an additional
23 minutes of residual nitrogen time would need to be
added to the actual bottom time of 46 minutes (i.e.,
69 minutes total bottom time). Second, we omitted the
initial descent (from altitude to ground level) in calcu-
lating the actual and sea level equivalent depths, so our
working depth was actually 66 fsw (110 fsw sea-level
equivalent). Importantly, however, the stop at 0.98 ATA
during compression likely reduced nitrogen uptake com-
pared to a square dive, which may have attenuated the
decompression stress following the dive. Utilizing the
decompression schedules for a 110-fsw and 70-minute
bottom time in the U.S. Navy Diving Manual (Rev. 7),
divers would have had two decompression stops:
1) 26 minutes at 30 fsw; and 2), 155 minutes at 20 fsw.
However, our divers completed a 15-minute decompres-
sion stop at 11 fsw, relative to altitude while the chamber
was reconfigured for hypobaria.

Third, the dive protocol was conducted in both dry
(descent and ascent) and wet (bottom time) conditions.
Although unlikely, we cannot rule out that the transi-
tion from wet to dry conditions altered decompression.
Furthermore, the dive was conducted in thermoneutral
conditions, which is unlikely to occur while diving at
altitude, as inland diving is primarily cold, fresh water.

Moreover, when conducting VGE measurements at
altitude, subjects were instructed to conduct coordin-
ated, single limb movements. However, the Eftedal
and Brubakk (E&B) method was not designed to assess
VGE following movement [5,16]. If the movements
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resulted in showers of VGE compared to measurements
conducted at rest, we would have observed a much
higher incidence and/or severity of VGE grades. There-
fore, it is unlikely that this methodology limits our find-
ings. Fourth, the VGE measurements were completed
every 20 minutes at altitude. It is possible that detectable
VGE were missed in those subjects that presented with
a peak VGE Grade 0. While we cannot rule this out, it is
unlikely that we would have missed all detectable VGE
within a two-hour post-dive observation. Previous work
has observed the onset DCS after two hours (and up
to 24 hours) [17,18]. Importantly, we show one subject
with VGE at two hours, indicating that two hours may
not be long enough to observe resolution of VGE in all
cases. Finally, the VGE grading was completed post hoc,
which may be a limitation in translatability to practical
application of identifying and quantifying decompres-
sion stress. However, manual grading of VGE in real
time is cumbersome and impractical. Future machine
learning applications for VGE counting and grading may
offer a solution to a number of these considerations.

CONCLUSION

The evaluation of VGE with echocardiography follow-
ing decompression from a dive conducted at a simulated
altitude of 12,000 feet assessed decompression stress by
quantifying VGE in venous and arterial circulations.
By extrapolating the U.S. Navy Diving Manual, Rev. 7
Cross correction for equivalent sea level depth, we con-
ducted a wet dive in a hyperbaric chamber from a sim-
ulated altitude, which resulted in no cases of DCS,
no detection of paradoxical arteriovenous shunting,

and a relatively low decompression stress highlighted
by 11/20 of the man-dives resulting in no detectable
VGE. Further research and validation is necessary for
repetitive dives or multiday dives utilizing the Cross
correction method at altitudes greater than 10,000 feet.

Note: This paper - Hess HW, Wheelock CE, St. James E,

et al. Variability in venous gas emboli following the same dive
at 3,658 meters. Undersea Hyperb Med. 2021 Fourth Quarter
48(4) 469-476 - is a reprint of the original, which originally
appeared in the Second Quarter 2021 issue of the Journal,
pages 119-126. Figure 1 in the original article has been
replaced with the correct figure in this issue.
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