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A Systematic Review and Meta-Analysis of
Decompression Sickness in Altitude Physiological

Training
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INTRODUCTION:

A review of decompression sickness (DCS) cases associated with the NASA altitude physiological training (APT) program

at the Johnson Space Center (JSC) motivated us to place our findings into the larger context of DCS prevalence from

other APT centers.
METHODS:

We reviewed JSC records from 1999 to 2016 and 14 publications from 1968 to 2004 about DCS prevalence in other APT
programs. We performed a meta-analysis of 15 APT profiles (488 cases / 385,116 exposures). We used meta-regression to
evaluate the relation between estimated exposures and probability of DCS in a test group, accounting for the heteroge-

neity between studies.
RESULTS:

Our in-house review identified 6 Type | DCS (1 from an inside observer) and 1 Type Il DCS. There were 6 cases in 9560

student hypobaric exposures from 3 NASA training flights; a student pooled prevalence rate of 0.44 cases / 1000
exposures compared to 1.44 cases / 1000 from 12 published APT profiles. The overall pooled DCS prevalence rate was
1.16 cases / 1000 exposures. There was substantial heterogeneity in DCS prevalence across studies. Denitrogenation
time, exposure pressure, and exposure time were associated with probability of DCS in the meta-regression model.

CONCLUSIONS:

While the overall DCS prevalence rate is relatively low, there is marked heterogeneity among profiles. The pooled DCS

prevalence rate estimate for the NASA profiles was lower than the overall rate. Variability in APT profile DCS prevalence
could be further explained given student level and additional test-level covariates.
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viation organizations need to indoctrinate new aviation

personnel to the hazards of the aerospace environment,

particularly the recognition and corrective response to
hypoxia. Altitude physiological training (APT) is organization-
specific and includes classroom instruction as well as practical
hypoxia training, usually in a hypobaric chamber. Efficient APT
must balance hypobaric hypoxia training time with limited
denitrogenation (prebreathe, PB) time. One needs to ascend
high enough in an altitude chamber to provide effective hypoxia
training for students with a wide range of hypoxia and decom-
pression sickness (DCS) susceptibility, but not so high as to
invalidate the PB protection for DCS. APT is a hypobaric expo-
sure with high DCS stress but of short duration, but long enough
to recognize hypoxia symptoms and to experience other aspects
of the aviators’ environment. The limited exposure time and
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minimal physical activity of the students combined with appro-
priate PB for the desired hypoxic altitude should result in a safe
protocol for most students. However, the literature is replete
with descriptions of “odd,” “unusual,” and “unexpected” cases of
DCS from APT.**"*? For example, when training a large num-
ber of students the conditions that predispose one to DCS can
be manifested.'**
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APT at various centers balances the reward of efficient train-
ing in hypoxia recognition, equipment familiarization, trapped
gas expansion, rapid depressurization (RD), free-fall, and other
benefits against the risks of barotitis media (middle ear block),
DCS, and other adverse outcomes. It is in this dynamic and var-
ied hypobaric exposure environment that we summarize and
analyze results from APT profiles. Our process included: a)
documenting recent NASA experience with APT; b) summa-
rizing APT DCS experience from a systematic literature review
to put the NASA training experience into context; ¢) perform-
ing a meta-analysis on DCS prevalence across APT profiles
from NASA and other training environments; and d) exploring
the relations between retrospectively collected test-level expo-
sures on DCS event outcomes, accounting for the heterogeneity
between studies. To our knowledge, this is the first effort to
quantitatively describe DCS outcome from APT with a
meta-analysis.

METHODS

NASA APT Profile Review

We first reviewed NASA APT records from 1999 to 2016
archived at the Johnson Space Center’s Sonny Carter Neutral
Buoyancy Laboratory. APT is provided to potential research
subjects (students) and astronauts that experience or will expe-
rience aspects of the aerospace environment. The Type I profile
was the initial student exposure, and some students returned
after 5 yr for a refresher using the same profile. The Type II pro-
file was the astronaut refresher as they often received their ini-
tial training elsewhere as many astronauts have a military
aviation background. The Type II refresher for astronauts was
discontinued in 2012 for economy of time and resources. All
astronauts now receive (if needed) the Type I initial or the Type
III refresher. The Type III refresher was instituted in 2012 as an
alternative to the astronaut Type II refresher and an alternative
to repeating the Type I profile as a refresher for students. Our
focus is on students and astronauts participating in regimented,
controlled APT profiles. The DCS outcomes from inside medi-
cal technicians, also designated as inside observers (IOs), at
NASA and from our literature search are documented, but not
considered further since IOs are not a controlled group. Our
records identified a single case of DCS in 3612 exposures of
medical technicians since 1999.

Expressing pressure as feet or meters of altitude above mean
sea level is not ideal but is the standard convention used in publi-
cations we reference. A conversion from kilometers (km) of alti-
tude to millimeters of mercury (mmHg) is through Py (mmHg) =
760 X {288.15/ [288.15 - 6.5 X altitude (km)]} >*>*%, based
on the U.S. Standard Atmosphere — 1976.> We report altitude
in meters (m) with pressure as pounds per square inch absolute
(psia) in parentheses given that the source publications reported
hypobaric exposures in terms of distance above mean sea level,
often in unit of feet. The conversion from psi to kilopascal is
1 psi = 6.89 kPa. We standardized on psia as unit of pressure
for our analysis since a change in pressure is fundamental to
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DCS as opposed to a change in distance with ascent to
altitude.

The Type I profile included a 30-min PB using either an
MBU-5P or MBU-12P oral-nasal mask connected to a CRU
68A/A “flat-panel” demand regulator switched to 100% oxygen
(O,) and then ascent at 1524 m - min ! to 6620 m (5.45 psia). A
15-min maximum hypoxia demonstration ensued where half
the students removed masks and breathed air to note hypoxia
symptoms. They then donned masks with 100% O, and the other
half removed masks and breathed air to note hypoxia symp-
toms. Then they donned masks with 100% O,. The CRU 68A/A
regulators for all students were switched to diluter-demand to
provide near-normoxic conditions as descent commenced at
914 m - min~ ! to 6096 m (6.75 psia). The regulators were then
switched back to 100% O, and descent continued at 610 m -
min ! to 3048 m (10.1 psia), at which time masks were removed
to facilitate replacing 100% O, in the middle ear with air during
the Valsalva maneuver to minimize posttest barotitis media as
descent continued to site pressure. Students exited the main
chamber, then groups of two students experienced a RD in the
smaller transfer chamber (lock). Ascent at 305 m - min ™! to 305 m
(14.1 psia) was followed by ascent at about 3505 m - min~! to
3353 m (9.72 psia), at which time masks were donned with
100% O, and after about 2 min a descent was initiated at
610 m - min~'. The minimum elapsed time for the Type I pro-
file, including the RD, was 75 min from the start of PB. There
were 8694 exposures from 1999 to 2016 resulting in 4 cases of
DCS in students and 1 case in the medical technician. A female
student had cutaneous symptoms, 2 males had left elbow symp-
toms, and 1 male had neurological symptoms (Type II DCS).
The male medical technician had left knee symptoms.

The Type II profile also included a 30-min PB, but then
ascent at 1524 m - min~ ! to 10,668 m (3.46 psia), and immedi-
ate descent at 3048 m - min ™! to 8534 m (4.78 psia). The peak
exposure to 10,668 m was to experience gut gas expansion. A
5-min hypoxia demonstration ensued at 8534 m where all
removed masks and breathed air to note hypoxia symptoms.
Then masks were donned and switched to diluter-demand to
provide near-normoxic conditions as descent commenced at
1524 m - min~! to 6096 m (6.75 psia). The regulators were then
switched to 100% O, and descent continued at 1524 m - min ™!
to 3048 m (10.1 psia), at which time masks were removed and
everyone breathed air to site pressure. The minimum elapsed
time for the Type II profile was 48 min from the start of PB.
There were 718 exposures from 1999 to 2011 resulting in 1 case
of DCS in a female who had left shoulder symptoms.

The Type III profile included a 29-min PB, ascent at 1524
m-min~ to 2438 m (10.9 psia), after which masks were removed
in preparation for a rapid ascent on air at 3048 m - min~! to
7620 m (5.45 psia). Students were hypoxic for 1.7 min during
ascent and then for 3.3 min at 7620 m (5 min total) to note
hypoxia symptoms, then returned to 100% O, for 3 min. Total
time from start of rapid ascent to start of descent did not exceed
8 min. Then the regulators were switched to diluter-demand to
provide near-normoxic conditions as descent commenced at
1524 m - min~ to 6096 m (6.75 psia). The regulators were then
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switched to 100% O, and descent continued at 1524 m - min
to 3048 m (10.1 psia), at which time masks were removed and
everyone breathed air to site pressure. The minimum elapsed
time for the Type III profile was 44 min from the start of PB.
There were 148 exposures from 2012 to 2016 resulting in 1 case
of DCS in a male student who had left arm symptoms.

Literature Review

We searched information sources including PubMed, Defense
Technical Information Center, and Google Scholar using com-
binations of key words such as hypoxia, hypobaric chamber,
physiological training, altitude, and hypobaric decompression
sickness. We specifically sought publications that contained
details about the hypobaric training profile and specific associa-
tion of DCS outcomes with a hypobaric training profile. Publi-
cations that did not have these details were excluded from
further consideration. For example, publications that summa-
rized hypoxia training through the use of combined altitude
and depleted oxygen or reduced oxygen breathing devices were
excluded since DCS risk is eliminated by these methods. Four-
teen English language publications from 1968 to 2004 met our
selection criteria and were summarized into a table: U.S. Army,?’
Navy,>®2%30 Air Force,”®¥* Federal Aviation Administra-
tion,*® Canadian Armed Forces,'> Australian Defense Force,!
Jordan Armed Forces,” and Japan Air Self-Defense Force.?®

Meta-Analysis

Confidence intervals (CI) for individual study prevalence rates
were calculated using the Clopper-Pearson method.!' We per-
formed a meta-analysis using a random effects model to esti-
mate the pooled DCS prevalence rate and 95% CI, applying a
double arcsine transformation.* Since the probability of DCS
ranges between 0 and 1, a double arcsine transformation pre-
serves interpretation of the CI (i.e., produces CI between 0 and
1) and stabilizes variance estimates, as variance is underesti-
mated at the boundaries.* Additionally, we performed sub-
group analysis on the pooled prevalence of DCS for NASA
versus other studies. Heterogeneity between studies was
assessed with I” values.” I? is interpreted as the percentage of
total variation across studies that is due to heterogeneity rather
than chance and ranges from 0% (no heterogeneity) to 100%
(strong heterogeneity). A measure of study heterogeneity is a
check that the effects found in the individual studies are similar
enough that a combined estimate will be a meaningful descrip-
tion of the set of studies. Publication bias was assessed using
funnel plots and the null hypothesis of symmetric funnel plots
was tested using the technique from Egger.'® Note that all
results are expressed in # DCS events / 1000 exposures.

For the meta-regression model, we took a hierarchical
approach, as there are i =1,...,n; tests (level-1) that are nested
with j=L,...,7 studies (level-2). We used a generalized linear
mixed model® to evaluate the relation between exposures, PB
time in minutes including time for any ear and sinus check
before ascent (PBTM), the peak altitude in psia attained
(PKALT), the time in minutes at or above 7620 m (TM = 25K),
and the total exposure time in minutes from the start of ascent
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to the end of any RD event (EXPOTM), and DCS in a test
group. The response variable was the presence or absence of any
symptom diagnosed as DCS during or after the APT. We
P

), and a Binomial

imposed a logit link function, 7; = log(1
ij

(my;» ;) sampling model, where m; is the number of subjects,

and g is the probability of DCS in the ith test group in the jth

study. Under these assumptions the expected and variance of Y;;,
the number of DCS events are:

E{Yzj|¢zj] = Mm@
and
Var[Y, | ¢ =mye, (1-¢,).

Next, the log odds of DCS, ;;, is potentially related to covari-
ates Xlij . ¢ pif through the Level-1 structural model:

Ty =Foj B Xy o H By Xy
and the Level-2 structural model:

Boj =Yoo + 1o

By =¥po» for p>0, where 1g; ~ N(0,759) and Byj»---» By are
the level-1 regression coefficients. Note that in this parameter-
ization, By j is a random intercept term that accounts for the
heterogeneity between studies. Full and reduced models were
compared with Akaike Information Criterion (AIC).! The final
model selected had the smallest AIC. P-values for regression
coefficient significance were obtained using a parametric boot-
strap test with 500 bootstrap samples. All analyses were per-
formed in R®.2

We noticed during our literature review that Type I “pain-
only” DCS symptoms were predominately distributed in the
upper body (wrist, elbow, shoulder). This is contrary to our
experience from our research protocols.'*'* So, in addition to
the meta-analysis, we also compared the distribution of Type I
DCS symptoms from our combined NASA PB research data to
selected APT results using Pearson’s x* to evaluate if this was
more than coincidence. The selected APT results were from
publications®®*” where Type I DCS symptoms were clearly
assigned to upper and lower body location.

RESULTS

Table I is a compilation of summary information extracted
from 16 sources covering a period from 1959 to 2016. Fourteen
are published sources (1968 through 2004) and two are techni-
cally not published but the data were documented by secondary
sources (Bason et al.,’ Rice et al.*°). We could not determine
counts of DCS associated with total APT exposures from two
sources.>* Table I includes our unpublished findings from
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1999 through 2016 for the NASA Type I, II, and III APT
profiles.

The summary counts are shown for students, IOs, and the
totals. There appear to be minimal overlaps in reporting results
by two investigators from the same institution. Overlap seems
evident in the U.S. Air Force data reported by Weien and
Baumgartner®® from 1979 to 1986 and data reported by
Baumgartner and Weien® from 1985 to 1987. We accept that
there may be minimal double counts in our table. There are also
gaps of time where APT data from the U.S. Navy and Air Force
were not published, so gaps exist where data were collected but
were not available for analysis. There are no historical records
for the number of students that repeated APT or participated in
a refresher course. We focus on student outcomes but summa-
rize outcomes for IOs, as this was the focus of several investiga-
tions. IOs often had a higher prevalence of DCS attributed to
physical activity at altitude. In total, there were 1328 cases of
DCS diagnosed in students in 1,870,511 exposures from a vari-
ety of APT profiles; a grand total prevalence rate of 0.71 cases /
1000 exposures. There were 388 cases of DCS diagnosed in I0s
in 303,734 exposures from a variety of APT profiles; a grand
total rate of 1.27 cases / 1000 exposures. IOs are always more
physically active than students during the training. Students
had a DCS rate that ranged from 0 to 6.6 cases / 1000 exposures
compared to 0.6 to 4.8 cases / 1000 exposures for 10s. The over-
all rate for students was 0.71 cases / 1000 exposures compared
to 1.27 / 1000 for IOs. Also of note is a 10-fold increase in DCS
prevalence for female students compared to male counterparts
reported by Bassett’ for a small sample, which reduced to a 2.3
fold increase reported in a larger sample by Baumgartner and
Weien.® Additional information about gender and DCS is avail-
able from several sources.'>?>%

Table II is a subset of student information from Table I
where details about 15 APT profiles were published. There was
no duplication of data in this subset. Note that the same desig-
nation for the APT profile for different centers in Tables I and II
does not necessarily mean the same profile. The details in Table
IT allow for a level of analysis not possible with just the aggre-
gate of count data in Table I. The data from Crowell'> were not
parsed among the four APT profiles, so simple, unweighted
means of the explanatory variables are used in the analysis. The
data from Smart et al.*! are unique in that most students were
sequentially exposed to Type A, B, and C profiles separated by
24 h of rest. We include only the data for the Type A profile in
the analysis to eliminate any bias from sequential exposures.
The 15 profiles contributed 488 cases of DCS in 385,116
exposures.

Meta-Analysis Results

Overall the pooled prevalence of DCS across 15 studies was
1.16 / 1000 exposures (95% CI = 0.66 - 1.76), see Fig. 1. For the
3 NASA subgroups, the pooled DCS prevalence was 0.44 / 1000
(95% CI = 0.00 - 3.53) exposures compared to the other 12 at
1.44 (95% CI = 0.90 - 2.10). We found highly significant (P <
0.01, I* = 93%) and strong heterogeneity across studies. How-
ever, the heterogeneity across NASA studies was nonsignificant
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(P = 0.10,1* = 56%). There was no evidence of publication bias
in the funnel plot, see Fig. 2, and we failed to reject the null
hypothesis that the funnel plot was symmetric at the 0.05
a-level with P-value = 0.15.

The far-right column of Table II shows the predicted proba-
bility of DCS (P[DCS]) expressed as cases / 1000 exposures *
the 95% CI from the meta-regression. P(DCS) is based on
regression intercepts for each study (B;) and 3 of the 4 test-level
covariates: PBTM, PKALT, and EXPOTM. Time spent at or
above 7620 m (TM = 25K) did not provide significant informa-
tion to the regression. The NASA Type III protocol was a poten-
tial outlier in the meta-regression model as 1 DCS event was
observed in only 148 students. However, there was no evidence
of over-dispersion in the fitted model when this protocol was
removed and its exclusion had marginal effects on the
regression coeficients. Fig. 3 is a plot of data from Table II; the
predicted DCS prevalence rate in 15 samples from the meta-
regression model versus the observed rate. Overall, the model
fit the data well as the plot follows the identity line, with the
exception of a small-sample profile that observed only 1 case of
DCS. To investigate the model’s sensitivity to this outlier, we
reran the model without the outlier and observed relatively
small effects on parameter estimates.

The results of the meta-regression are presented in Table ITI.
Here a single regression intercept (3,) applies to all 15 studies.
We observed a negative relation between DCS and PBTM and
PKALT and a positive relation between DCS and EXPOTM.
The exponent of the regression coefficients estimated in the
meta-regression model are interpreted as odds ratios. We would
expect for a 1-min increase in PBTM and 1-psia increase in
PKALT about a 3% [1—exp(‘°'°32)] and 24% decrease in the odds
of DCS for the typical study (u4y; = 0), holding all else constant.
We would expect for a 15-min increase in PBTM a 38%
[1-exp 0032 X 15)] decrease in the odds of DCS for the typical
study (4y; =0), holding all else constant. Additionally, we
would expect for a 1-min increase in EXPOTM a 2.5% increase
in the odds of DCS for the typical study (u,; =0), holding all
else constant.

Table I'V shows the number of upper and lower body Type I
symptoms from APT and the number from a large sample of
NASA PB research results. Upper body locations for symptoms
include finger, hand, wrist, forearm, arm, elbow, and shoulder.
Lower body locations include toe, foot, heel, ankle, shin, leg,
calve, knee, thigh, and hip. The upper and lower body preva-
lence ratios in columns 4 and 5 summarize the difference in
Type I symptom distributions between APT and 30 yr of NASA
PB research experience. For example, the upper body preva-
lence ratio for the Watson®” and NASA data'*!* is 6.90, com-
puted as [47 / (47 + 13)] / [22 / (22 + 172)]. We used Pearson’s
x* to evaluate if APT had a greater prevalence of upper body
symptoms relative to the NASA PB research data. We compared
in a 2 X 2 matrix the combined Bason et al.>® 136 upper body
counts and 87 lower body counts with the NASA 22 upper body
counts and 172 lower body counts. We combined the Bason
data to approximately match the sample size of the NASA data.
The computed x> was 108.6 with a P-value < 0.01. It appears
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Events per 1000
Study observations Events [95%-ClI]
Crowell (combined II1111,IV) 3.53 [2.74; 4.46]
Valdez A = 0.00 [0.00; 1.22]
Valdez B - 0.00 [0.00; 2.14]
Watson | 0.83 [0.57; 1.18]
Watson Il 0.63 [0.52; 0.77]
Rice Il i 2.86 [2.22; 3.63]
Rice IIA - 1.72[0.91; 2.93]
Baumgartner | 1.24 [0.85; 1.75]
Baumgartner I 2.44 [1.86; 3.15]
Baumgartner IlI 1.31[0.74; 2.17]
Baumgartner V 1.33[1.04; 1.68]
Smart A 3 3.59 [2.25; 5.43]
Random effects model [ 1.44 [0.90; 2.10]

Heterogeneity: /° = 94%, 1% = 0.0002, p < 0.01

NASA | : 0.46 [0.13; 1.18]
NASA I — 1.39 [0.04; 7.74]
NASA III 6.76 [0.17; 37.07]

Random effects model o

> 0.44 [0.00; 3.53]
Heterogeneity: /* = 56%, 1> = 0.0004, p = 0.10

Random effects model ¢

Heterogeneity: I° = 93%, v =0/000%, p 2001 T T T 1
0 5 10 15 20 25 30 35

Fig. 1. Forrest plot for the individual and pooled DCS prevalence in terms of #

DCS /1000 exposures. Pooled prevalences are then grouped by NASA or other

profiles.

1.16 [0.66; 1.76]

from both the data in Table IV and our ¥ test that there is evi-
dence for a different distribution of Type I DCS between APT
and research protocols that included extensive denitrogenation
before long exposures at reduced pressures.

DISCUSSION

We performed a comprehensive review and meta-analysis
across APT profiles. This study found a pooled DCS prevalence
rate of 1.16 / 1000 exposures (95% CI = 0.66 - 1.76). The pooled-
DCS rate from the 3 NASA profiles was 0.44 / 1000 (95% CI =
0.00 - 3.53) exposures compared to 1.44 / 1000 (95% CI = 0.90
- 2.10) exposures for the 12 other profiles. While there is strong
heterogeneity across all of the studies in this meta-analysis,
there was no statistically significant heterogeneity across NASA
studies. The strong heterogeneity across profiles may be due to

o
S o nn
2 A °6“. oo o
¢ Gg i
S 4 * .
o /‘ ",
N /
i}
2 8] . ;
LI ‘-
C
8
w .,
© s,
S - "
=1 \
&
o 4
d -]
T T T T
-0.05 0.00 0.05 0.10

Freeman-Tukey Double Arcsine Transformed Proportion

Fig. 2. Funnel plot of APT profile prevalence rate standard error versus point
estimate, using a double arcsine transformation for proportions. Fifteen results
from seven publications are included on the figure.
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predicted DCS rate (case/1,000)
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observed DCS rate (case/1,000)

Fig. 3. The observed DCS prevalence rate in 15 samples compared to the pre-
dicted rate from the meta-regression. The size of each circle is proportional to
group size. All but 1 small-sample outlier (far lower right) fall near the identity
line. The regression evaluated 488 cases of DCS in students during APT involv-
ing 385,116 exposures.

[=]

0 7

the wide variability in human response to short-duration but
high DCS stress due to no or minimum denitrogenation as well
as unmeasured test-level covariates.

Each training organization tailors the APT program to suit
their needs. Early APT had no PB requirement except what was
provided by the 5- to 10-min ear and sinus check while breath-
ing 100% O,. Most now provide a minimum of 30 min, with or
without the ear and sinus check. Those that included an ear and
sinus check ascended to 1524 m (12.2 psia) or 2134 m (11.3
psia) before the training flight, some provided a RD at the con-
clusion of the hypoxia training, on the order of 12,000 m -
min~!. All students experienced some degree of hypobaric
hypoxia at 5486 m (7.34 psia), 6096 m (6.75 psia), 8534 m (4.78
psia), 9144 m (4.36 psia), or 10,668 m (3.46 psia), but mostly at
7620 m (5.45 psia). A few profiles ascended briefly to 13,106 m
(2.35 psia) or 13,716 m (2.14 psia) for students to experience
positive pressure O, breathing. Some APT profiles included a
rapid descent (free-fall) between 3048 and 5486 m - min™~' and
then initiated the hypoxia training. Ascent rates, excluding RD,
varied between 914 and 1524 m - min~". Descent rates, exclud-
ing free-fall, varied from 610 to 1524 m - min ™, slower at the
conclusion of training to minimize barotitis media. It was not
stated in any publication if students switched from 100% O, to
air during recompression past 3048 m (10.1 psia) at the conclu-
sion of training to minimize delayed barotitis media due to O,
reabsorption in the middle ear, but this seems to be a common
practice based on conversation with our medical technicians.
Time at altitude varied depending on the hypoxia altitude and
the number of students needing time to experience hypoxia. All
students were physically inactive (minimal lower-body move-
ment) during the training, with the exception of writing tasks to
document symptoms. Finally, symptom(s) onset times ranged
from minutes into the hypobaric exposure to days after the
exposure.
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Table lll. Regression Parameter Estimates from Meta-Regression.
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arterial blood without invoking

a patent foramen ovale.?* Altera-

PARAMETER ODDS RATIO EFFECT STD. ERROR P-VALUE

By, Intercept* — ~5819 0890 <0001 tions in portions of the large
B,, prebreathe time PBTM (min) 0968 —0032 0011 0.004 endothelial vascular surface area
B,, peak altitude PKALT (psia) 0.760 -0.274 0.117 0.038 as a tissue response to hypox-
B5, total exposure time EXPOTM (min) 1.025 0.025 0.012 0.042 emia from embolic agents or

*Regression intercept for all studies.

We accept that bubbles are the initial tissue insult and that
the resulting multitude of signs and symptoms are the results of
both the initial mechanical insult and the cascade of subsequent
biochemical insults in response to tissue damage, for example,
tissue response to hypoxemia from embolic agents. Permissible
ascent limits for divers and aviators are dictated by inert gas
supersaturation and stabilized micronuclei. Heterogeneous and
not homogeneous nucleation physics is the current approach to
understand gas phase separation in living systems.?® Stabilized
micronuclei are irrelevant to venous gas emboli (VGE) and
DCS outcomes if no supersaturation exists, while even minimal
supersaturation may be sufficient to produce VGE and DCS if
many large micronuclei are available to transform and grow
into bubbles. A variety of mechanisms to account for a stable
distribution of micronuclei sizes have been proposed: crevice
models,* caveolae structures, and even the presence of mic-
roparticles in the blood.** Perhaps those few with DCS from
APT have a propensity for large stabilized micronuclei that
quickly transform into bubbles during the short interval of
nitrogen (N,) supersaturation. Denitrogenation time before
ascent must counter the hypoxia training time at altitude so as
to minimize the risk of DCS. Except for rare cases of DCS, a
working balance is achieved and each training center decides if
their training is “safe enough” How safe depends on many fac-
tors, such as the organizations’ sensitivity to DCS incidents in
training activities and the ability to provide quick and effective
treatment for symptoms, among others.

Eatock et al.'®!” is the only investigator identified in our sys-
tematic review to measure for VGE during APT. He detected
VGE in the pulmonary artery using a 1983 Doppler ultrasound
bubble detector. So VGE do have the time to form and travel
with venous blood to the lungs during even short, high altitude
exposure after minimal PB, analogous to the instant appearance
of bubbles when a carbonated beverage is opened. However, the
spectrum of signs and symptoms and symptom onset time
from within minutes to days of APT is evidence for multiple
pathophysiological pathways following an initial insult from
evolved gas. For example, a hypoxia-induced increase in shunt
fraction (venous admixture) in a few students could be a mech-
anism to transport bubbles from the venous blood into the

Table IV. Upper vs. Lower Body Prevalence Ratio for Type | DCS in APT and NASA Research.

from mechanical damage by

bubbles could be the cause of
some symptoms. The response to evolved gas must be multifac-
torial as no single pathophysiology describes the range of signs
and symptoms, nor the few cases of DCS seen in APT. It has
been 70 yr since the conclusion of World War II, and extensive
APT and research into DCS occurred during and following this
period. And yet a definitive pathophysiological understand-
ing of pulmonary DCS (chokes) is still elusive.>'* The rare
occurrence of chokes during APT suggests to us that the insult
must be local, within the lung, and not necessarily a response by
the lung to a large embolic load from the venous blood. The
time allowed for APT seems too short to allow for the latter
mechanism.

There is a brief hypoxia component to all APT profiles that is
absent from the NASA PB research profiles,'*!* and all profiles
included upper body activity. A reason for the difference in
upper and lower-body distributions of Type I symptoms may be
linked to the brief hypoxia experienced during APT, but a
mechanism is elusive. The NASA research protocols (not the
NASA APT profiles) provide lengthy PB and long exposure
time to reduced pressure where subjects exercise the upper
body, as is done in a space suit, and yet Type I DCS symptoms
are primarily from the lower body. In the APT protocols the
minimal PB would leave the upper body supersaturated with
N, such that evolved gas might appear earlier in the upper body
than the lower body. This might account for the prevalence of
symptoms from the upper body in APT. Since this was a seren-
dipitous observation, caution is warranted about our conclu-
sion. Future reports about DCS in APT should always document
the anatomical location of symptoms.

In our meta-regression model, we identified three test-
level covariates that were associated with DCS. We found that
an increase in exposure pressure, decrease in total exposure
time, and a longer PB are expected to decrease DCS preva-
lence. With a 15-min increase in PB time, we would expect a
reduction in the odds of DCS by about 38% [1 - expt*032 x 19)]
for the typical test profile, holding all else constant. The esti-
mated prevalence rate for the NASA Type I APT profile using
the observed covariate values was 0.65 / 1000 exposures (see
Table IT). With an increase in PB time from 30 to 45 min our
meta-regression results in Table III suggest that the preva-
lence rate would reduce to 0.40 /
1000 exposures. However, it is impor-

tant to note that our model was built

UPPER BODY LOWER BODY APT/NASA APT/NASA
SOURCE"f PREVALENCE RATE = PREVALENCERATE UPPERBODY LOWERBODY for explanaﬁon and is not validated
NASA'>14(1983-2016) 0113 (22/194) 0887 (172/194) — - for prediction. The results of this
Watson® (1968) 0.783 (47/60) 0217 (13/60) 6.90 0.24 meta-analysis could be used to help
Bason® (1976) 0.543 (50/92) 0457 (42/92) 4.76 0.51 design studies investigating the
Bason® (1991) 0.656 (86/131) 0.344 (45/131) 5.79 0.38

relation between exposure pressure,
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total exposure time, and PB time and the risk of DCS during
APT.

We quantitatively evaluated the as-described nominal
training profiles. The as-executed actual profiles likely varied
from class-to-class based on alterations due to student symp-
toms. For example, a student with an ear block during final
descent would extend the depressurization time for all the stu-
dents, and we did not have this level of detail for each student.
Publications never clearly state whether students breathed air
during recompression past 3048 m; we assumed 100% O,
unless the publication stated otherwise. The publications did
not state the ambient pressure at the location of the altitude
training chamber, with the exception of al-Wedyna et al.? The
altitude of their chamber was 914 m (13.1 psia). The data we
used came from different training centers at different times.
DCS was diagnosed by different physicians. It is not reason-
able to assume that a standard methodology was applied to
diagnose DCS across different training centers, using different
physicians, and across 50 yr of APT. Another unreasonable
assumption is that there was no bias in students to report
symptoms. Students at particular centers and at particular
times in history were likely biased. IOs were likely biased not
to report symptoms, so the accumulated data for IOs likely
under-represents their true prevalence. Additionally, the total
counts of DCS included both Type I DCS and Type II DCS as
the source publication did not always differentiate the counts
as to DCS classification. Multiple symptoms in a student were
necessarily counted as one case of DCS. Evaluating total
symptoms was not possible since multiple symptoms per stu-
dent were rarely documented in the literature. Finally, it is
important to note that with only three observed NASA stud-
ies, it may be statistically difficult to detect heterogeneity
across the studies. Indeed the observed prevalence rates for
the 3 NASA studies were 0.46 (Type I), 1.39 (Type II), and 6.76
(Type III) per 1000 observations. However, for the Type III
study, only 148 observations have actually been collected.
Thus, its relatively large prevalence rate may be the attributed
to instability in its estimate due to sample size and extrapolat-
ing the results from 148 to 1000 observations. While this
study had limited access to strictly profile level factors from
historical records, future investigations would benefit from
studying individual, as well as profile, level factors due to the
known heterogeneity in individuals’ DCS responses to hypo-
baric exposures. Better record keeping for APT and a willing-
ness to publish and share records with student-level details
would significantly advance our understanding of DCS.

CONCLUSIONS

1. Pooled DCS prevalence rate in the 3 NASA APT profiles
was 0.44 cases / 1000 exposures (0.0-3.5, 95% CI) com-
pared to 1.44 cases / 1000 exposures (0.9-2.1) in 12 other
pooled profiles. The large uncertainties for these estimates
invalidate any claim of a true difference in prevalence rates;

950 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 89, No. 11

the NASA prevalence rate does not fall within the CI for
the literature samples.

2. There is little heterogeneity among the NASA profiles but
there was heterogeneity across all profiles. DCS variability
between APT profiles could potentially be explained further
given student-level covariates and additional test-level
covariates.

3. From the meta-regression, longer denitrogenation time,
greater exposure pressure, and shorter exposure time were
associated with a decrease in the risk of DCS.

4. There was about a fivefold increase in prevalence for upper
body Type I symptoms for APT as described in the literature
compared to 30 yr of NASA PB research results.

ACKNOWLEDGMENTS

We thank Randell Woodard for technical support in compiling the APT records
from 1999 to 2016. This work was made possible through the Human Health
and Performance Contract (NNJ15HK11B) between the National Aeronautics
and Space Administration and KBRwyle. Funding for this research was pro-
vided by the NASA Human Research Program. Conclusions are those of the
authors and are not necessarily endorsed by the National Aeronautics and
Space Administration.

Authors and affiliations: Johnny Conkin, Ph.D., Robert W. Sanders, M.D.,
Matthew D. Koslovsky, Ph.D., and Mary L. Wear, Ph.D., KBRwyle, Houston,
TX; Andrew G. Kozminski, M.D., University of Michigan, Department of
Internal Medicine, Ann Arbor, MI; and Andrew E J. Abercromby, Ph.D., NASA
Johnson Space Center, Houston, TX.

REFERENCES

1. Akaike H. Likelihood of a model and information criteria. ] Econom.
1981; 16(1):3-14.

2. al-Wedyna IA, Shahin BH, Abu Ghosh HM, al-Aqgad SS, al-Quraan
MS. Physiological training in Jordan. Aviat Space Environ Med. 1996; 67:
882-884.

3. Balldin U, Pilmanis AA, Webb JT. Pulmonary decompression sickness at
altitude: Early symptoms and circulating gas emboli. Aviat Space Environ
Med. 2002; 73:996-999.

4. Barendregt JJ, Doi SA, Lee YY, Norman RE, Vos T. Meta-analysis of
prevalence. ] Epidemiol Community Health. 2013; 67(11):974-978.

5. Bason R, Pheeny H, Dully FE. Incidence of decompression sickness in
Navy low pressure chambers. Aviat Space Environ Med. 1976; 47:995-997.

6. Bason R, Yacavone D. Decompression sickness: U.S. Navy altitude
chamber experience 1 October 1981 to 30 September 1988. Aviat Space
Environ Med. 1991; 62:1180-1184.

7. Bassett BE. Decompression sickness in female students exposed to
altitude during physiological training. In: Preprints of 44" Annual
Scientific Meeting of the Aerospace Medical Association, Las Vegas, NV.
Alexandria (VA):Aerospace Medical Association; 1973:241-242.

8. Baumgartner N, Weien RW. Decompression sickness due to USAF altitude
chamber exposure (1985-1987). In: Pilmanis AA (ed). Proceedings of
Hypobaric Decompression Sickness Workshop. October 16-18, 1990,
Armstrong Laboratory, Brooks AFB, TX. Alexandria, VA: Aerospace
Medical Association; 1992:363-378, AL-SR-1992-0005.

9. Brandt MS, Morrison TO, Butler WP. Decompression sickness rates for
chamber personnel: case series from one facility. Aviat Space Environ
Med. 2009; 80(6):570-573.

10. Cable GG, Keeble T, Wilson G. Pulmonary cyst and cerebral arterial gas
embolism in a hypobaric chamber: a case report. Aviat Space Environ
Med. 2000; 71(2):172-176.

November 2018

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Clopper CJ, Pearson ES. The use of confidence or fiducial limits illustrated
in the case of the binomial. Biometrika. 1934; 26(4):404-413.

Conkin J. Diver and aviator decompression sickness and gender. In:
Fife CE, St. Leger Dowse M, editors. Women and pressure, Chapter 2.
Flagstaff: Best Publishing Co; 2010:27-40.

Conkin J. Preventing decompression sickness over three decades of
extravehicular activity. Houston, TX: Johnson Space Center; June 2011.
NASA Technical Publication NASA/TP-2011-216147.

Conkin J, Abercromby AFJ, Dervay JP, Feiveson AH, Gernhardt ML,
Norcross J, Ploutz-Snyder R, Wessel JH IIL. Probabilistic assessment
of treatment success for hypobaric decompression sickness. Houston,
TX: NASA Johnson Space Center; November 2014. NASA Technical
Publication NASA/TP-2014-218561.

Crowell LB. A five-year survey of hypobaric chamber physiological
incidents in the Canadian forces. Aviat Space Environ Med. 1983;
54:1034-1036.

Eatock BC, Gray GW, Ford GS. Evaluation with Doppler ultrasonic bubble
detection of standard Canadian forces aeromedical training altitude
profiles. Ontario, Canada: Defence and Civil Institute of Environmental
Medicine. 1983; TC-83-C-07.

Eatcok BC, Gray GW, Ford GS. Evaluation, with Doppler ultrasonic
bubble detection, of pre-breathing oxygen for reducing the incidence
of decompression sickness. Preprints of 1983 Aerospace Medical Asso-
ciation Annual Scientific Meeting, Houston, TX, May 23-26. Alexandria
(VA):Aerospace Medical Association; 1983:126-127.

Egger M, Smith DG, Schneider M, Minder C. Bias in meta-analysis
detected by a simple, graphical test. BMJ. 1997; 315(7109):629-634.
Ferris EB Jr., Engel GL. The clinical nature of high altitude decompression
sickness. In: Fulton JB, editor. Decompression sickness, Chapter II.
Philadelphia: W.B. Saunders Co.; 1951:37-40.

Furry DE. Incidence and severity of altitude decompression sickness in
Navy hospital corpsmen. Aerosp Med. 1973; 44:450-452.

Gentry J, Rango J, Zhang J, Biederman S. Latent presentation of
decompression sickness after altitude chamber training in an active duty
flier. Aerosp Med Hum Perform. 2017; 88(4):427-430.

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring
inconsistency in meta-analyses. BMJ. 2003; 327(7414):557-560.

Klien S, Spiegel M, Engelhardt K, Schmidauer C, Ulmer H, et al. Menstrual
cycle dependent right-to-left shunting: A single-blinded transcranial
Doppler sonography study. Undersea Hyperb Med. 2005; 32(6):403-407;
Erratum. Undersea Hyperb Med. 2006; 33(1):2.

Laurie SS, Yang X, Elliott JE, Beasley KM, Lovering AT. Hypoxia-induced
intrapulmonary arteriovenous shunting at rest in healthy humans. J Appl
Physiol. 2010; 109(4):1072-1079.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 89, No. 11

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10

LOW PROBABILITY DCS—Conkin et al.

Nachum Z, Shupak A, Spitzer O, Sharoni Z, Ramon Y, et al. Inner ear
decompression sickness following altitude chamber operation. Aviat
Space Environ Med. 1999; 70:1106-1109.

Ohrui N, Takeuchi A, Tong A, Ohuchi M, Iwata M, et al. Physiological
incidents during 39 years of hypobaric chamber training in Japan. Aviat
Space Environ Med. 2002; 73:395-398.

Piwinski S, Cassingham R, Mills ], Sippo A, Mitchell R, Jenkins E.
Decompression sickness incidence over 63 months of hypobaric chamber
operation. Aviat Space Environ Med. 1986; 57:1097-1101.

R Core Team. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria, 2017. [Accessed
10 April 2018.] Available from https://www.R-project.org.

Raudenbush SW, Bryk AS. Hierarchical linear models: Applications and
data analysis methods. 2nd ed. Thousand Oaks (CA): Sage Publications,
Inc.; 2002.

Rice GM, Vacchiano CA, Moore JL Jr, Anderson DW. Incidence of
decompression sickness in hypoxia training with and without 30-min O,
prebreathe. Aviat Space Environ Med. 2003; 74:56-61.

Smart TL, Cable GG. Australian Defence Force hypobaric chamber
training, 1984 - 2001. Canberra, Australia: ADF Health;. 2004; 5:3-10.

Studer NM, Hughes JR, Puskar JP. Decompression sickness following
altitude-chamber training. ] Spec Oper Med. 2015; 15:11-15.

Thom SR, Bennett M, Banham ND, Chin W, Blake DE et al. Association
of microparticles and neutrophil activation with decompression sickness.
J Appl Physiol. 2015; 119(5):427-434.

Tikuisis P. Modeling the observations of in vivo bubble formation with
hydrophobic crevices. Undersea Biomed Res. 1986; 13:165-180.

U.S. Standard Atmosphere — 1976. United States Committee on Exten-
sion to the Standard Atmosphere. Washington, DC: National Oceanic
and Atmospheric Administration; 1976 (NOAA-S/T 76-15672: Super-
intendent of Documents, U.S. Government Printing Office, Stock No.
003-017-00323-0).

Valdez CD. Ten-year survey of altitude chamber reactions using the
FAA training chamber flight profiles. Springfield (VA):NTIS; February,
1977.

Watson AB. Incidence of decompression sickness in USAF trainees
during Type I and Type II altitude chamber flights, 1965-1967. Brooks
AFB (TX): USAF School of Aerospace Medicine, Aerospace Medical
Division; 1968:1-15.

Weathersby PK, Homer LD, Flynn ET. Homogenous nucleation and gas
bubbles in vivo. ] Appl Physiol. 1982; 53(4):940-946.

Weien RW, Baumgartner N. Altitude decompression sickness:
Hyperbaric therapy results in 528 cases. Aviat Space Environ Med. 1990;
61:833-836.

November 2018 951



