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R E S E A R C H  A R T I C L E

Significant reductions in ambient pressure, such as those 
experienced in diving, high altitude operations, and space 
exploration, present a risk of decompression sickness (DCS). 

Though the pathophysiology of DCS is not fully characterized, 
there is general (though not universal) consensus that its occur-
rence is mediated by the presence of gas bubbles resulting from 
a decrease in ambient pressure.11 Such gas bubbles appear to 
be associated with mechanical obstruction, venous congestion, 
endothelial dysfunction, inflammation, and coagulation acti-
vation, all of which may lead to the syndromic condition of 
DCS.

One feared complication of DCS is neurological injury. Up 
to 40% of DCS cases that come to medical attention have neu-
rological involvement, particularly involving the spinal cord.3 
In general, spinal cord injury from DCS (SCI-DCS) is initially 
treated with recompression therapy to potentially decrease the 
size of any existing bubbles as well as enhance tissue oxygen-
ation.26 Theoretically this would prevent further injury and 

potentially allow for preservation and rescue of ischemic tissue. 
Yet, in SCI-DCS cases in which objective motor impairment is 
noted at presentation, approximately 30% have residual severe 
disability after 1 mo.10 Modalities to improve SCI-DCS outcomes 
are certainly desired.

One potential therapeutic agent to treat SCI-DCS is emulsi-
fied perfluorocarbons (PFC). Perfluorocarbons are a class of inert 
fluorinated hydrocarbons that dissolve gases to a much greater 
degree than plasma.22 In the neat state fluorocarbons are both 
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	 INTRODUCTION: 	 Perfluorocarbons (PFC) are fluorinated hydrocarbons that dissolve gases to a much greater degree than plasma and 
hold promise in treating decompression sickness (DCS). The efficacy of PFC in a mixed gender model of DCS and safety 
in recompression therapy has not been previously explored.

	 METHODS: 	 Swine (25 kg; N 5 104; 51 male and 53 female) were randomized into normal saline solution (NSS) or PFC emulsion 
treatment groups and subjected to compression on air in a hyperbaric chamber at 200 fsw for 31 min. Then the animals 
were decompressed and observed for signs of DCS. Afterwards, they were treated with oxygen and either PFC (4 cc · 
kg21) or NSS (4 cc · kg21). Surviving animals were observed for 4 h, at which time they underwent recompression 
therapy using a standard Navy Treatment Table 6. After 24 h the animals were assessed and then euthanized.

	 RESULTS: 	 Survival rates were not significantly different between NSS (74.04%) and PFC (66.67%) treatment groups. All swine that 
received recompression treatment survived to the end of the study and no seizures were observed in either PFC or NSS 
animals. Within the saline treated swine group there were no significant differences in DCS survival between male 
(75.00%, N 5 24) and female (73.08%, N 5 26) swine. Within the PFC treated swine, survival of females (51.85%, N 5 27) 
was significantly lower than males (81.48%, N 5 27).

	 DISCUSSION: 	 In this large animal mixed gender efficacy study in DCS, PFC did not improve mortality or spinal cord injury, but appears 
safe during recompressive therapy. Gender differences in DCS treatment with PFC will need further study.
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hydrophobic and lipophobic and must be emulsified to facili-
tate intravenous delivery. OxycyteTM (Tenax Therapeutics, Inc., 
Morrisville, NC) is a second-generation PFC product composed 
of submicron particles of perfluoro(tert-butylcyclohexane) (FtBu) 
in a 60% w/v concentration with egg phospholipid emulsifier. 
FtBu is a saturated alicyclic perfluorocarbon with molecular for-
mula C10F20 and molecular mass of 500.08. The oxygen-carrying 
capacity of FtBu (the PFC component of Oxycyte) is 43 mL 
O2/100 mL blood at sea level.21 The small-emulsified particles 
coupled with increased oxygen solubility serve to enhance plasma 
oxygen transport.22 Emulsified PFC, when used with supple-
mental oxygen, increases blood oxygen content20 and improves 
microvascular oxygen transport,6 as well as increases tissue 
oxygen levels in traumatic SCI.19

In conjunction with supplemental oxygen, the perfluorocar-
bon emulsion Oxycyte has demonstrated survival benefit in 
juvenile male swine14 at 5 cc · kg21 and improved spinal cord 
pathology12 at 3 cc · kg21 when used to treat DCS. As an adjunct 
therapy, it is critical that PFC be compatible with standard 
recompression therapies such as U.S. Navy Treatment Table 6, 
which uses hyperbaric oxygen. However, the enhanced oxygen-
carrying capacity of PFC raises the concern of seizures related 
to oxygen toxicity during the use of hyperbaric oxygen (HBO) 
encountered during standard recompression treatments. To 
further study PFC efficacy in DCS, as well as gain understand-
ing of potential toxicity in recompression therapy, we tested the 
dual hypothesis that 4 cc · kg21 PFC would improve mortality 
in a mixed gender swine model of DCS with no associated 
adverse events (such as seizure) while receiving delayed recom-
pression therapy.

METHODS

Animals
All experiments were conducted according to the principles set 
forth in the “Guide for the Care and Use of Laboratory Animals,” 
Institute of Laboratory Animal Resources, National Research 
Council, National Academy Press, 1996. The study protocol 
was reviewed and approved by the Walter Reed Army Institute 
of Research/Naval Medical Research Center Institutional Animal 
Care and Use Committee in compliance with all Federal regula-
tions governing the protection of animals in research. The insti-
tution’s animal care facility is fully AAALAC accredited and the 
veterinary staff is familiar with our 20–30 kg swine model.

A balanced group of juvenile unneutered male and female 
Yorkshire swine (N 5 104) from a single vendor (Thomas Morris 
Inc., Reisterstown, MD) were housed in free running cages at our 
animal care facility, where they acclimated for 5 d prior to any 
procedures. They were fed standard pig chow twice daily (2–2.5% 
bodyweight; Quality Lab Prod, Elkridge, MA) with free access 
to water.

Procedure
The animals were trained to walk on a treadmill (T-2000, GE 
Healthcare, Milwaukee,WI) in three sessions starting at least 

2 d before hyperbaric exposure. Each session was defined as 
complete when the animal walked comfortably for 5 min at  
1 mph, but never exceeded 15 min.

On the day prior to hyperbaric exposure, the animals were 
placed in a Panepinto sling and sedated with diazepam (intra-
muscular, 0.25 mg · kg21; Abbott, North Chicago, IL). An ear 
vein was catheterized with an 18-gauge 2˝ angiocatheter and 
secured with tape. Each animal was recovered in the sling until 
fully awake and able to ambulate and was then returned to its 
holding pen.

The animals were block randomized prior to hyperbaric 
exposure. Each block included four animals. The four animals 
included two from each gender with either Oxycyte (PFC) or 
normal saline solution (NSS).

We followed a DCS-inducing dive profile to 200 fsw for 31 
min. This profile was developed in our lab and has a historical 
control mortality of approximately 45% with evidence of spinal 
cord pathology.16 Briefly, the animals underwent a nonlinear 
compression profile to 200 fsw with a “bottom time” of 31 min. 
Bottom time was defined as the time from reaching 200 fsw 
until time leaving bottom pressure. After 31 min of bottom 
time, decompression was initiated at 30 fsw · min21 until surface 
pressure was reached and the chamber door opened.

The animals were taken out of the chamber, removed from 
their kennels, and placed in a Panepinto sling. The ear vein 
catheter was used to administer 0.25 mg · kg21 diazepam and 
the animals were observed for up to 60 min for signs of cutis 
marmorata (“skin bends”) as previously described.2 Skin bends 
have been shown to reliably precede the onset of severe DCS in 
20-kg swine.5

At the onset of cutis marmorata, the animal was given 100% 
oxygen by snout cone (Smith Medical North America, Wause-
sha, WI) and randomized to receive either 4 cc · kg21 intrave-
nous PFC (N 5 54) or an equivalent dose of normal saline 
solution (Baxter Healthcare Corporation, Deerfield, IL) (N 5 
50). The animals were continuously observed for signs of dis-
tress, including thrashing or vocalization, which were treated 
with additional diazepam (0.125 mg · kg21 up to 2 mg · kg21). 
During the hour observation, oxygen saturation and pulse were 
measured by tail pulse oximetry (Oxisensor II, Nelcor Puritan 
Bennett, Pleasanton, CA). After 1 h, supplemental oxygen was 
discontinued and an animal assessment was performed. Based 
on the animal’s condition, it was either returned to the holding 
pen or remained in the Panepinto sling. Any mortality was con-
firmed by the principle investigator.

Surviving animals were placed into a Plexiglas box (30˝ x  
42˝ x 38˝; manufactured in-house) positioned within our Multi-
ple Large Animal Chamber 4 h after DCS onset (+ up to 15 min). 
Recompression therapy was then initiated with a standard U.S. 
Navy Treatment Table 6 (USN TT6). The USN TT6 provides 
hyperbaric oxygen therapy with a maximum pressure of 60 fsw 
for a total time under pressure of 288 min; 240 min on 100% 
oxygen interspersed with 48 min on air.17 Routine animal 
assessments occurred before and after USN TT6 with a focus 
on ensuring animal comfort. No gait assessment was performed 
at these time points.
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Spinal cord DCS is manifested as paresis/paralysis and sen-
sory deficits.1 A reliable indicator of hind limb function is the 
swine’s ability to walk. We incorporated the Tarlov Scale, a rec-
ognized standard, developed specifically for spinal cord pathol-
ogy in swine.23 All surviving animals (N 5 73) were assessed 
for their ability to stand 24 h postdive. If able to stand (Tarlov 
score 3), the animal was placed onto the treadmill and the speed 
gradually increased in 0.2-mph increments over approximately 
30 s until the animal was able to walk at 1 mph for 5 min. This 
earned a Tarlov score of 5. If the animal was able to walk but 
unable to achieve 1 mph, the subject was scored a Tarlov 4 (weak 
walk). Other Tarlov scores were assigned as: complete paralysis 
of hind limbs, 0; minimal movement of hind limbs, 1; and able 
to stand with assistance only, 2. After this 24-h assessment ani-
mals underwent euthanasia.

Statistical Analysis
All data were compiled into Excel spreadsheets, then imported 
into Graphpad Prism 5 for statistical analysis. Mortality inci-
dence was evaluated by a Fisher’s exact test and a two-sample, 
one-sided test for equality of proportions. Tarlov score and pre-
dive weights were compared using two-way ANOVA with post 
hoc Bonferroni’s test.

RESULTS

Swine (N 5 104) were randomized into NSS (N 5 50 total,  
24 male, 26 female) or PFC (N 5 54 total, 27 male, 27 female) 
treatment groups and subjected to the dive profile. Weights 
within the NSS group (25.65 6 0.50 kg males; 25.25 6 0.37 kg 
females) were not significantly different from the weights in the 
PFC group (24.87 6 0.36 kg males; 25.96 6 0.33 kg females) 
[F(1,100) 5 0.01, P 5 0.94]. Weights between genders were 
similarly not significantly different [F(1,100) 5 0.79, P 5 0.37, 
two-way ANOVA].

Survival rates were not significantly different between NSS 
(74.04%) and PFC (66.67%) treatment groups (P 5 0.52, two-
sided Fisher’s exact test) (Fig. 1). All swine that received recom-
pression treatment survived to the end of the study and no 
seizures were observed in either PFC or NSS animals (Fig. 2).

Gender effects on DCS survival within each treatment group 
were examined. Within the saline treated swine group there were 
no significant differences in DCS survival between male (75.00%, 
N 5 24) and female (73.08%, N 5 26) swine (P 5 1.00, two-
tailed Fisher’s exact test) (Fig. 3A). Within the PFC treated 
swine, survival of females (51.85%, N 5 27) was significantly 
lower than males (81.48%, N 5 27) (P 5 0.04, two-tailed Fish-
er’s exact test) (Fig. 3B).

Surviving swine (N 5 72) had neurological function testing, 
which was graded using the modified Tarlov scoring system 
(0–5), 24 h following recompression therapy. There were no sig-
nificant differences between mean Tarlov scores in the NSS 
Male (4.176, N 5 18), NSS Female (3.947, N 5 19), PFC Male 
(3.500, N 5 22), and PFC Female (3.429, N 5 14) groups 
[F(1,68) 5 0.03, P 5 0.86; Treatment (NSS x PFC), F(1,68) 5 

1.71, P 5 0.20; Gender F(1,680) 5 0.11, P 5 0.74, two-way 
ANOVA] (Fig. 4).

DISCUSSION

Based on literature review this may be the first large animal 
mixed gender study evaluating the efficacy of PFC in the treat-
ment of DCS. We found that PFC, at a dose of 4 cc · kg21, did 
not improve overall mortality. However, there appeared to be a 
difference in mortality based on gender. Additionally, we dem-
onstrated that delayed recompression after receiving PFC was 
not associated with an increased incidence of seizures.

The precise use of PFC in prevention and treatment of DCS 
is not yet fully clarified. In rapid decompression from hyper-
baric conditions, perfluorocarbons have been shown in animal 
models to increase nitrogen elimination, improve oxygen car-
rying capacity, and improve oxygen delivery.20,22,27 Dromsky 
first demonstrated the role of PFC in mitigating DCS in a large 
animal model, when PFC was infused prior to the onset of 

Fig. 1.  Mortality. Bar graph depicting survival outcomes in the combined 
(male+female) PFC and NSS treatment groups; there was no significant differ-
ence in survival rates (P 5 0.5206, two-sided Fisher’s exact test).

Fig. 2. S ubgroup mortality and recompression. Branch diagram portraying the 
mortality for each subgroup after initial hyperbaric exposure to the left of the 
dotted line. The mortality and seizure incidence for the recompression treat-
ment are demonstrated to the right of the dotted line.
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DCS.9 Some criticism of that work for using historical controls 
was later addressed in a randomized control trial evaluating 
oxygen prebreathe and the use of PFC where PFC administered 
prior to DCS onset dramatically reduced mortality from 96% in 
controls to 29% in PFC treated animals.7 This body of work 
established a significant beneficial role when PFC was used as a 
preventive measure. PFC used after DCS onset appears to also 
provide a benefit, albeit less robust. Oxycyte specifically has 
been shown to decrease mortality (5 cc · kg21) and improve 

spinal cord injury (3 cc · kg21) when used therapeutically after 
DCS onset.15,16 To our knowledge PFC combined with recom-
pression therapy has not previously been studied. We used a 4-h 
delay to study the treatment of DCS with PFC, which could 
potentially be used at the site of occurrence followed by a trans-
port to what is considered standard of care treatment with 
recompression therapy.

We chose the 4 cc · kg21 dose to further expand on our pre-
vious work involving doses of 3 cc · kg21 and 5 cc · kg21. The 
lack of mortality benefit in this balanced mixed gender study is 
not wholly surprising, as previous studies have suggested a 
dose-response relationship in the treatment of DCS that is not 
fully characterized. What we found surprising was an apparent 
gender difference in survival. Reasons for this can only be spec-
ulative at this point, but it is plausible that gender differences in 
disease state and/or gender differences in drug effects are con-
tributing factors.

Though gender differences in DCS have been hypothesized, 
no conclusive evidence has been demonstrated. In the only pro-
spective human DCS study (altitude DCS), Webb et al. demon-
strated that it was body mass index and maximal oxygen 
consumption (but not gender) that correlated with actual DCS 
risk.25 Interestingly, they showed that women on hormonal 
contraceptives were at higher risk for DCS in the last 2 wk of 
their menstrual cycle than those not on such therapy. More ger-
mane to the current study, in a large animal model of DCS 
treated with PFC, we recently showed that DCS onset is quicker, 
cardiovascular changes are more severe, and that Oxycyte 
increased pulmonary artery pressure more in juvenile female 
swine compared to juvenile male swine.13

Despite the question regarding PFC efficacy raised by this 
current work, we have contributed to the understanding of PFC 
safety in recompression therapy. The increased gas carrying 
properties of PFC raise concerns of HBO related toxicity, partic-
ularly central nervous system toxicity as manifested by seizure. In 
a rodent study of PFC, risk of seizure appeared dose-dependent 
with a nonsignificant decrease in hyperbaric oxygen seizure 
latency at a 3 cc · kg21 dose and a significant decrease in latency 
at 6 cc · kg21.8 Yet, in a swine model, PFC at a 5 cc · kg21 dose 
did not decrease seizure latency with 5 ATA oxygen.15 Neither 
of these studies involved decompression or DCS.

With respect to seizures from hyperbaric oxygen in humans, 
Plafki reported 4 seizures in over 11,000 HBO treatments at up 
to 250 kPa (15 msw).18 The Navy formerly used an oxygen tol-
erance test at 280 kPa (2.8 ATA), where oxygen toxicity (pre-
sumably not all convulsive) was noted in 1.9% of tested 
subjects.4 There is much less data on central nervous sys-
tem toxicity during recompressive therapy for DCS. Weaver 
reported no cases of central nervous system toxicity using a 
USTT6 during 118 therapies in a monoplace chamber, while  
4 cases in 200 treatments were recorded in a survey of multi-
place chambers.24 In our study no animal (control or PFC) that 
survived to delayed recompression therapy with a USTT6 man-
ifested seizures. The number of animals receiving PFC and 
recompression in our study does not compare to 11,000 patients 
reported by Plafki or the several hundred subjects noted by 

Fig. 3.  Gender effects on mortality. A) Bar graph demonstrating DCS survival 
outcome between male and female swine within the NSS treatment group; 
there were no significant differences observed (P 5 1.0000, two-tailed Fisher’s 
exact test). B) Bar graph demonstrating DCS survival outcome between male 
and female swine in the PFC treatment group. Asterisk depicts significant differ-
ence between male and female swine groups (P 5 0.0418, two-tailed Fisher’s 
exact test).

Fig. 4. N eurological deficit. Bar graph depicting mean (6 95% confidence 
interval) Tarlov scores for the male and female subgroups of the NSS and PFC 
treatment groups; there was no significant difference in Tarlov scores observed 
(P 5 0.1950, two-way ANOVA with post hoc Bonferroni’s test).
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Butler,4 but does lend some reassurance regarding the safety of 
recompression therapy after PFC has been administered.

As in any work, limits exist in the design and results. Though 
the possible increased mortality in female swine with DCS 
treated with PFC is concerning, the study was not powered 
adequately to specifically address that question. We believe that 
this question is most easily addressed by a single gender 
(female) swine study with a dive profile and dose of PFC known 
to have mortality benefit.16 Additional limits include the lack of 
pharmacokinetics that might have demonstrated a correlation 
with gender. Furthermore, we did not perform pathological 
analysis of the spinal cords, which may have yielded further 
insight into the effect of PFC. Lastly, our historical mortality 
rate in this model was not realized, further diminishing the 
power of these results.

In this first large animal mixed gender efficacy study of DCS 
therapy, PFC appears safe during recompressive therapy in ani-
mals surviving DCS. Although this work adds to the overall 
body of literature supporting PFC as a nonrecompressive option 
to prevent and treat DCS, nuances such as gender differences 
remain and will need further study prior to human use.
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