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S h o r t  Co m m u n i C at i o n  

Intra-Individual Test-Retest Variation Regarding  
Venous Gas Bubble Formation During High Altitude 
Exposures
rickard Ånell; mikael Grönkvist; ola Eiken; antonis Elia; mikael Gennser

 INTRODUCTION: hypobaric decompression sickness remains a problem during high-altitude aviation. the prevalence of venous gas 
emboli (VGE) serves as a marker of decompression stress and has been used as a method in evaluating the safety/risk 
associated with aviation profiles and/or gas mixtures. however, information is lacking concerning the variability of VGE 
formation when exposed to the same hypobaric profile on different occasions. in this paper, intra-individual test-retest 
variation regarding bubble formation during repeated hypobaric exposures is presented. the data can be used to 
determine the sample size needed for statistical power.

 METHOD: a total of 19 male, nonsmoking subjects volunteered for altitude exposures to 24,000 ft (7315 m). VGE was measured 
using ultrasound scanning and scored according to the Eftedal-Brubakk (EB) scale. intraindividual test-retest variation 
in bubble formation (maximum VGE) was evaluated in subjects exposed more than once to hypobaric pressure. the 
statistical reliability was examined between paired exposures using the intraclass Correlation test. G*Power version 
3.1.9.6 was used for power calculations.

 RESULTS: During repeated 20–30 and 70-min exposures to 24,000 ft, 42% (N = 19, Ci 23–67%) and 29% (N = 7, Ci 5–70%) of 
the subjects varied between maximum EB scores < 3 and ≥ 3. the sample size needed to properly reject statistical 
significance of 1 EB step nominal difference between two paired exposures varied between 29–51 subjects.

 CONCLUSION: the large intraindividual test-retest variations in bubble grades during repeated hypobaric exposures highlight the 
need for relatively large numbers of subjects to reach statistical power when there are no or small differences in 
decompression stress between the exposures.

 KEYWORDS: altitude decompression sickness, decompression sickness risk, gas bubble formation, hypobaric repeated altitude 
decompression, intra-individual variation, test-retest, venous gas emboli.
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Decompression sickness (DCS) is a risk associated with 
high-altitude aviation and diving.5 During these activi-
ties, decompression leads to supersaturation of inert 

gas dissolved in body tissues and, subsequently, release of free 
gas and formation of bubbles.15 Ultrasonic methods are used to 
evaluate circulating bubbles or venous gas emboli (VGE), which 
are considered a measure of decompression stress.4 The amount 
of VGE detected during and after decompression is linked to 
the risk of developing DCS where low VGE scores correspond 
to a low risk of DCS.12 The advantage with VGE compared to 
just using symptoms of DCS is that VGE represent an objective 
measurable variable and decrease the number of subjects 
needed for each experiment.12 The disadvantage using VGE is 

that it is very time consuming to count the bubbles and, there-
fore, different ordinal scales are used instead. There is an inter-
individual as well as an intraindividual variation when it comes 
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to test-retest measurements during both hypo- and hyperbaric 
exposures. It is well documented that there is a large interindi-
vidual variation in bubble formation.11,12,13 When it comes to 
variation of occurrence of bubbles post-decompression after 
repeated hyperbaric exposures, a few studies have been pub-
lished.8,14 Contrastingly, to date, there is a dearth of literature 
concerning the intraindividual variation in decompression 
effects during repeated hypobaric exposures. Instead, studies 
with repeated similar hypobaric exposures for the same sub-
jects have mostly aimed to examine the presence of a possible 
training effect for DCS.16 Because of this, we considered that 
our repeated altitude exposures with the same breathing gas 
mixtures1,2,3 could be used to evaluate the test-retest variability. 
The data could also be used to determine the sample size 
needed for statistical power from paired exposures. Thus, we 
aimed to investigate the intraindividual test-retest variation 
regarding bubble formation during repeated hypobaric expo-
sures, based on earlier results collected, to evaluate short peri-
ods of recompressions during stable hypobaric pressure to 
affect tendencies to form VGE.1,2,3

METHODS

Subjects
In total, 19 male nonsmoking subjects [mean age 46 (range 
23–58 yr); body mass index (BMI) 27.1 (23.1–34.4) kg · m−2] 
with mixed experience of hypobaric exposures took part in 
the experiments. The subjects were divers (N =10), pilots  
(N = 4), military (N = 2), and medical students (N = 3). Five of 
the subjects had experienced altitude DCS with total remission 
of symptoms upon descent to ground during the exposures. No 
exposures with DCS were used for the present comparisons. All 
subjects were well informed about DCS symptoms and told to 
immediately report any symptoms to the inside experimenter. 
The pilots and divers had performed an annual medical exam 
and the remaining subjects were examined by a flight surgeon 
before admittance. The subjects gave their written consent 
and were informed according to the Helsinki declaration 
regarding their right to terminate the exposure at any time. 
The experiments were approved by regional or national ethics 
review boards.

Procedures
The subjects were exposed to hypobaric pressure equivalent to 
24,000 ft (7315 m) altitude.1,2,3 During these exposures, sub-
jects were either breathing 54% O2 in nitrogen (N2) (N = 13) or 
90% O2 in nitrogen (N = 13) and VGE scores were assessed 
using transthoracic cardiac ultrasound at 5-min intervals and 
scored according to the Eftedal-Brubakk scoring scale (EB). All 
subjects were exposed at least two times using the same breath-
ing mixture. The two first exposures with each breathing mix-
ture were used to assess the test-retest reliability. Although the 
total exposure time at altitude was more than 60 min and dif-
fered in pressure profiles and breathing mixtures,1,2,3 the first  

30 min at 24,000 ft were equivalent for all exposures with the 
same breathing gas mixture. The shortest and longest intervals 
between two consecutive exposures were 3–31 d (mean 4.7/
median 4 d). In short, comparisons of the initial period at 
24,000 ft were carried out on 13 subjects breathing 54% oxygen 
(30-min periods in 10 subjects, 20-min periods in 3 subjects), 
and on 13 subjects breathing 90% oxygen (7 of those subjects 
did also take part in the 54% oxygen/46% nitrogen trials). Of 
the 13 subjects with exposures using 54% oxygen, 7 had 
repeated exposures also for 70 min.

Statistical Analyses
All data were statistically analyzed using the IBM SPSS statistics 
software version 21. Comparison of the effect of different 
breathing gases (54% oxygen or 90% oxygen) on the distribu-
tion of ranking steps was made using the Kolmogorov-Smirnov 
two-sample test. Reliability measure of bubble scores during 
repeated exposures was determined using the intraclass cor-
relation test [ICC(1,1)]. Power calculations were done using 
G*Power,9 version 3.1.9.6. Unless otherwise stated, data are 
reported as means ± SD. Significance was accepted at P < 0.05.

RESULTS

Seven subjects each carried out two 70-min exposures to 24,000 
ft (7315 m) breathing 54% O2 in N2. The median difference in 
maximum EB score between two corresponding runs was 1 
(range 0–2). The ICC(1,1) was 0.32 (CI −0.51–0.86). In two of 
the seven subjects, the maximum EB score was below 3 in one 
run and 3 or above in the other run [i.e., the fraction of subjects 
who had runs with EB scores < 3 and EB scores ≥ 3 was 28.6% 
(N = 7, CI 5.1–69.8%)].

Bubble scores were also measured during the initial 30-min 
exposures to 24,000 ft for 13 subjects breathing 54% oxygen (3 
of whom were only exposed for 20-min periods) and for 13 
subjects breathing 90% oxygen. The median paired difference 
in maximum EB score for subjects breathing 54% O2 was EB 1 
(range 0–3). The ICC(1,1) was 0.34 (CI −0.24–0.75). Also for 
the exposures with 90% O2, the median difference in maximum 
EB score was 1 (range 0–4); thus, the range of differences almost 
covered the complete range of the EB grading system. The 
ICC(1,1) for the subjects breathing 90% oxygen was −0.05 (CI 
−0.58–0.51). The low ICC scores indicate a low test-retest 
reproducibility of maximum VGE scores during these altitude 
exposures. The correlation between repeated measurements 
and the spread in maximum VGE during the various exposures 
were used to calculate the power to detect 1 EB scale step 
between two different exposures. The minimum number of 
paired observations required varied between 29–51 subjects, 
depending on exposure time and fraction of O2. The longest 
exposures needed the least number of subjects and the short 
exposure with 90% oxygen needed the largest number.

A Kolmogorov-Smirnov test did not show any significant 
difference in distribution of maximum difference in scores 
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between individual runs with the different O2 levels. Adding 
the results for the two different O2 levels gave the following dis-
tribution: 32% had a maximum EB-score difference (ΔEBmax) 
of 0; 26% had a ΔEBmax of 1; 21% a ΔEBmax of 2; 16% a 
ΔEBmax of 3; and 5% a ΔEBmax of 4. The median maximum 
variation in EB scores for each individual doing several expo-
sures with either 54% and/or 90% O2 was EB 1 (range 0–4). If 
one considers EB scores 0, 1, and 2 low bubble scores with low 
risk of DCS, and EB 3 and 4 high scores with high risk of DCS,11 
then 8 out of the 19 subjects tested (42.1%, CI 23.2–66.18%) 
showed scores on both sides of the boundary between low and 
high risk of DCS in the two runs (Fig. 1). Barometric pressure 
was controlled for the 24-h period before each run, but there 
was no significant relation between barometric pressure and 
levels of VGE for any of the different exposures.

DISCUSSION

The aim of the study was to evaluate the test-retest variation 
within subjects. This can be used to estimate sample size needed 
to enable detection of small differences in VGE scores during 
hypobaric exposures. The studies from which the data points 
were taken were not initially designed for that specific rea-
son.1,2,3 However, although we are dealing with a relatively 
small experimental sample, it was decided to evaluate the intra-
individual variation and compare the results with previous 
reports (VGE caused by both hypobaric exposures and decom-
pression from hyperbaric pressures). The evaluation showed 
that it takes a sample size of between 29 to 51 subjects to gain 
sufficient power (> 85%) to rule out that no difference exists in 
a one-grade median difference comparing maximum VGE 
during paired exposures. We are aware that this conclusion is 
based on a relatively small sample of repeated exposures, but 
our findings are in accordance with the findings of Doolette et 
al.7 In the latter study, different decompression schedules from 
hyperbaric pressure were used and were investigated using res-
ampling and a Monte Carlo simulation technique instead of 

measuring directly repeated similar exposures for the same 
individuals. Their conclusion was that a study can be consid-
ered well powered if the sample size is around 50 paired mea-
surements even if only one grade difference of median VGE 
grade is of interest.7 A similar pattern of intraindividual varia-
tion was also shown by Dixon et al.6 during three 6-h exposures 
to 7.8 psia [equivalent to 16,506 ft (5031 m) altitude] on consec-
utive days. The purpose of their study was to determine the 
minimum space suit pressure needed to avoid DCS. VGE were 
recorded using transthoracic ultrasound Doppler and scored 
according to a scale similar to the Spencer scale.6,12 We used 
their published data on maximum VGE grades in Table I to 
make an intraclass correlation analysis for all subjects [N = 28, 
ICC(1.1) = 0.51 (CI 0.29–0.71)] and then calculate the required 
sample size with a double sided alpha of 0.05 for a one-grade 
difference. The sample size obtained was 40 subjects. It should, 
however, be noted that in the study by Dixon and coworkers, 
eight of the subjects did not show any bubbles during any of the 
exposures. In studies where different exposures or conditions 
are compared, it is customary to remove subjects who do not 
show any VGE at all, since the provocations appear to be sub-
liminal. Removing the “consistent zeroes” from the calculation 
increased the calculated required sample size to 58 subjects. 
Nevertheless, the results for the three different studies show 
that the sample size needed for statistical power during VGE 
measurement is approximately 30–60 subjects. The number 
and frequency of measurements could possibly affect the varia-
tion and sensitivity of the method, but even with our frequent 
ultrasound measurements every fifth minute, relatively large 
groups of subjects would be needed to reach statistical power.

As shown above, a relatively large proportion of our subjects 
who carried out more than two repeated 24,000 ft (7315 m) 
exposures were observed to occasionally convert from 
“low-bubblers” to “high bubblers” or from high bubblers to low 
bubblers. Activities in daily life might play a role in intraindi-
vidual variation. In one case where the subject changed from 
low bubbler to high bubbler, he admitted that he suffered from 
muscle soreness after hard physical training the previous day 
and in another case the subject reported flu-like symptoms on 
the day following the exposure. Muscle soreness not mentioned 
before the exposures or infections could possibly increase the 
risk of high VGE.14 Unfortunately no structured inquiry regard-
ing these issues was carried out.

The intraindividual variation should be considered when 
designing repeated altitude experiments with the purpose of 
comparing different strategies, tables, or protocols to ensure 
safety. Even when median and/or mean values of VGE for a 
specific exposure seems totally safe for the whole group, certain 
individuals could at times be at higher risk due to their actual 
tendency to form bubbles during that particular exposure.

It should be noted that hypobaric exposures are to be con-
sidered decompressions from a saturation condition, where the 
subjects are saturated with inert gas (N2) at sea level before 
ascent. Therefore, it is very unlikely that the test-retest differ-
ences were due to a different amount of gas and supersatura-
tion. Instead, it seems reasonable to assume that the observed 

Fig. 1. Maximum EB and minimum EB score in the same individuals. Solid 
lines indicate subjects whose scores do not cross between high (EB 3, 4) and 
low (EB 0, 1, 2) scores. Dotted lines indicate scores that varied between high 
and low scores. N = 19.
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test-retest variations were due to the ease with which decom-
pression bubbles were formed on any given day.

In conclusion, there is a large intraindividual test-retest vari-
ation with respect to formation of venous gas emboli during 
altitude exposures. The test-retest variation within the same 
subject was of such a magnitude that to exclude the existence of 
small differences (e.g., 1 level on the EB scale) during our exper-
iments, it would take approximately 29–51 subjects to obtain 
statistical power depending on the length of observation and 
the breathing gas. The estimated sample size is in concordance 
with previous observations on both hypobaric exposures6 and 
post-hyperbaric decompressions.7

This study was carried out using the Eftedal-Brubakk scale 
to assess the amount of VGE. Given reported data that a framed-
base bubble counting method has a better external consistency 
than bubble scoring using the EB scale, the number of observa-
tions needed to gain an acceptable power ought to be the same 
or lower for the counting method.10 The intraindividual varia-
tion of VGE between boundaries of high and low risks for DCS 
during similar exposures makes the predictions of individual 
susceptibility to DCS unreliable. There is need for further 
research to explore what biological mechanisms (for instance, 
whether related to gas loading, number of bubble precursors, or 
ease of bubble formation) give rise to the different levels of VGE 
during or after similar exposures in the same individual.
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