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Gas bubble lesions consistentwith decompression sickness inmarinemammals were described for the first time
in beakedwhales stranded in temporal and spatial association with military exercises. Putrefaction gas is a post-
mortem artifact, which hinders the interpretation of gas found at necropsy. Gas analyses have been proven to
help differentiating putrefaction gases from gases formed after hyperbaric exposures. Unfortunately, chemical
analysis cannot always be performed. Post-mortem computed tomography is used to study gas collections, but
many different logistical obstacles and obvious challenges, like the size of the animal or the transport of the an-
imal from the stranding location to the scanner, limit its use in strandedmarine mammals. In this study, we test-
ed the diagnostic value of an index-based method for characterizing the amount and topography of gas found
grossly during necropsies. For this purpose, putrefaction gases, intravenously infused atmospheric air, and
gases produced by decompressionwere evaluated at necropsywith increased post-mortem time inNew Zealand
White Rabbits using a gas score index. Statistical differences (P b 0.001) were found between the three experi-
mental models immediately after death. Differences in gas score between in vivo gas embolism and putrefaction
gases were found significant (P b 0.05) throughout the 67 h post-mortem. The gas score-index is a new and sim-
ple method that can be used by all stranding networks, which has been shown through this study to be a valid
diagnostic tool to distinguish between fatal decompression, iatrogenic air embolism and putrefaction gases at
autopsies.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas bubble lesions consistent with decompression sickness in ma-
rine mammals were described for the first time in beaked whales that
mass stranded in temporal and spatial association with military exer-
cises where mid-frequency sonar was used (Jepson et al., 2003;
Fernandez et al., 2005). Since this report, there has been an increasing
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body of evidence showing the presence of gas bubbles in both live and
dead marine mammals (Moore and Early, 2004; Moore et al., 2009;
Dennison et al., 2012; Bernaldo de Quirós et al., 2011, 2012a; Jepson
et al., 2005).

The presence of intra- and extra-vascular gas bubbles can give im-
portant information about the cause of death in forensic investigations.
Its presence on the venous side of the circulatory system is called
venous gas embolism (VGE). VGE can occur due to different causes
such as accidents related to surgical procedures (Muth and Shank,
2000), penetrating trauma, air injection as a criminal intervention,
barotraumas (Knight, 1996), or gas-phase separation in the body
from supersaturated tissues after a reduction of ambient pressure
(decompression) in divers, tunnels workers, aviators, astronauts
(Hamilton and Thalmann, 2003), marine mammals (Fernandez
et al., 2005), and sea turtles (García-Párraga et al., 2014). When gas
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embolism is suspected as a cause of death, it is important to deter-
mine the origin and cause of gas embolism. The main problem in
these cases is to differentiate between gas embolism and gases pro-
duced post-mortem (PM) due to putrefaction, especially when working
with stranded marine mammals since the time of death is frequently
unknown.

Specific procedures for cases inwhich gas embolism is suspected are
followed at autopsies: Computed Tomography (CT) or other imaging
techniques are performed as a pre-autopsy step for observation and lo-
calization of gas bubbles (Knight, 1996; Varlet et al., 2015), dissection is
done according to Richter technique (Richter, 1905), and gas is collected
from the heart for analytical purposes (Varlet et al., 2015; Bajanowski
et al., 1998). Gas composition analyses are used to differentiate between
gas embolism and putrefaction gases (Bajanowski et al., 1998; Varlet
et al., 2014; Bernaldo de Quirós et al., 2013a). These analyses are effec-
tive before a threshold PM time, making it critical to perform autopsies
in a timely manner (Bernaldo de Quirós et al., 2013a).

Gas composition analyses have been successfully performed in
marine mammals to distinguish between putrefaction gases and
gas embolism (Bernaldo de Quirós et al., 2012a; Bernaldo de Quirós,
2011; Bernaldo de Quirós et al., 2013b). However, this method re-
quires trained personnel, and is time sensitive, and limited if samples
have to be shipped across long distances (Bernaldo de Quirós et al.,
2011, 2012b).

Marinemammalsmay strand on inaccessible coastswhere transport
of the carcass is not an option, thus the necropsy must be performed in
situ. There are very few CT scanners available for use on wild marine
mammals. Their location (usually far from the stranding place) and
the size of the animal, for instance medium to large cetaceans, such as
beaked whales, will not fit in most scanners, limit the use of this tech-
nique in stranded marine mammals. Currently, a standardized method
to characterize the amount and distribution of gas bubbles in veins
and tissues observed grossly during necropsies of marine mammals
has been proposed but has not been validated (Bernaldo de Quirós
et al., submitted for publication). This methodwould allow for the com-
parison of gas amount among individuals, and differentially diagnose
“in vivo” gas embolism from putrefaction gases.

In this study we test this index-based methodology for characteriz-
ing the presence and volume of gas bubbles present in a body, providing
a new low cost and accessible diagnostic method to all marinemammal
stranding networks worldwide. In order to test and validate the meth-
odology, individual, environmental variables and PM timemust be con-
trolled, thus an animalmodel with NewZealandWhite Rabbits (NZWR)
was used. For this purpose, gas presence, amount, and distributionmac-
roscopically visualized were grossly characterized during necropsies of
NZWR using a relative indexwith three experimentalmodels: putrefac-
tion gases, experimental infused air embolism (AE), and a hyperbaric
compression/decompression (C/D) model. The results obtained with
the gas score index were compared with the analytical results of the
gas composition of the bubbles for validation (Bernaldo de Quirós
et al., 2013a).

2. Material and methods

A total of 41 NZWR (3179 ± 419 g) were used for the experiments.
The animals were provided by the Animal Supply Center of Dr. Negrín
Hospital, Spain, and the Norwegian University of Science and Technolo-
gy, Norway. All experiments were performed in accordance with the
European Union regulations for laboratory animals. Experimental pro-
tocolswere approved by the Ethical Committee for Animal Experiments
of Dr. Negrín hospital (ref. CEEBA 005/2010) and by the Norwegian
Committee for Animal Experiments. Experiments were performed
under surgical anesthesia (Medetomidine of 0.5 mg·kg−1, and
Ketamine of 25 mg·kg−1, subcutaneously).

The animals were divided into three experimental groups: (1) con-
trol or experimental putrefaction model (n = 10), (2) infused AE
model (n = 11), and (3) C/D model (n = 20). Each animal received a
different treatment based on its group (see experimental procedures).
As a result of the treatment the animals died. Animals were stored in
hermetically sealed plastic boxes for biological material at room tem-
perature during different times. Necropsies were performed on these
animals to look for gas presence (See PM procedures). Gas amount
was evaluated using an index proposed by Bernaldo de Quirós et al.
(2013c). Additionally gas composition analyses were performed to con-
trast and validate the results obtainedwith the indexmethod (Bernaldo
de Quirós et al., 2011).

2.1. Experimental procedures

2.1.1. Infused AE model
AE was induced by venous atmospheric air infusion through a cath-

eter (0.36mm I.D.) placed in themarginal ear vein. A pumpwas used to
administer the air at 2.2mL·min−1 until expiration. Rabbits diedwithin
2 to 6min, as a result, the total volume of infused air varied between 4.5
and 13.0 mL. Dead animals were stored at room temperature (24.8 ±
0.6 °C) for 0, 20 and 40 min, and 1, 3, 6, 12, 27, 42, 53, and 67 h PM
(n = 1 for each time).

2.1.2. Compression/decompression model
Anesthetized NZWR were compressed in pairs in a dry, hyperbaric

chamber (Animal Chamber System, NUT, Haugesund, Norway) to
810.6 kPa, during a bottom time of 45 min, and followed by a rapid lin-
ear decompression (0.33 m·s−1) to one atmosphere. The diving proto-
col was selected to induce severe decompression stress with excessive
amounts of intra-corporal gas formation. Eleven out of twenty animals
died within 1 h after decompression. Animals that survived for 1 h
after decompression were euthanized with an intraperitoneal injection
of 200 mg·kg−1 diluted pentobarbital. The bodies were stored at room
temperature (23.1 ± 1.3 °C) for 0, 20 and 40min, and 1, 3, 6, 12, 27, 42,
and 67 h PM (n= 2 for each time). Only those animals that died due to
hyperbaric decompression were included in the model (n = 11).

2.1.3. Experimental putrefaction model
Ten NZWR were euthanized with an intraperitoneal injection of

200 mg·kg−1 diluted pentobarbital. Euthanized animals were
stored at room temperature (23.4 ± 0.8 °C) for 1, 3, 6, 12, 27, 42,
47, 53 (n = 1 for each time), and 67 (n = 2) hours PM prior to nec-
ropsy. The PM time prior to necropsy was initially planned to be
identical in the putrefaction model to the infused AE and Compression/
Decompressionmodels. However, putrefaction gas bubbleswere absent
at 6, 3 and 1 h PM. Thus, no experiments were carried out at 0, 20, and
40 min PM in order to reduce the number of rabbits used following
ethical standards.

2.2. PM procedures

Complete necropsies were carried out for each animal at its sched-
uled PM time. In addition to PM time a decomposition code from 1 to
5, based on the conservation state of the body and internal organs,
was given to each animal (Kuiken andGarcía-Hartmann, 1991). Decom-
position codes allow for the comparison between different individuals
that were examined at different PM times, exposed to different envi-
ronmental conditions during that time, but that shared the same de-
composition status (Kuiken and García-Hartmann, 1991; Geraci and
Lounsbury, 2005). Thus, decomposition codes were used in addition
to PM time in this study, although efforts were made to preserve the
bodies at similar environmental conditions.

Necropsywas performedwith the rabbit in dorsal decubitusposition.
Dissectionwas carefully done to avoid severing any large vessels. Initial-
ly, the skin was removed and the subcutaneous veins were examined
for the presence of gas bubbles. Then the abdominal cavity was opened,
and the mesenteric veins as well as the vena cava were examined.



Table 2
Gas score index for extravascular gas underneath the organs' capsules and in adipose
tissues.

Gas score Definition

0 Absence of gas.
I Scarce presence of gas: only in one organ or anatomic region.
II Moderate presence of gas: affecting two or three organs or

anatomic regions.
III Abundant presence of gas: affecting many different organs.

Systemic.

50 Y. Bernaldo de Quirós et al. / Research in Veterinary Science 106 (2016) 48–55
Finally, the thoracic cavity was opened, allowing access to the heart.
Throughout the necropsy, photos were taken of detected intra- and
extra-vascular gas bubbles.

The presence of intra and extra-vascular gas bubbles was character-
ized using a gas score index following Bernaldo de Quirós et al. (2013c).
This index-based method consists of giving a gas score from 0–VI to
different vascular locations: subcutaneous veins, femoral veins, mesen-
teric veins, inferior vena cava, coronary veins and to the right atrium
(Table 1). In addition a gas score from 0–III is used to describe the
presence of extravascular gas, beneath the capsule of different or-
gans (subcapsular emphysema), and in adipose tissues (interstitial
emphysema) (Table 2). The total gas score is finally calculated by
the summation of the gas scores for each defined vascular location in
addition to the subcapsular and interstitial emphysema gas score.
Total gas score in each animal ranges from 0 to 42 (Table 3).

After gas scoring, the animals were completely submerged in water
for collection and later analysis of the gas composition (Bernaldo de
Quirós et al., 2013a).

2.3. Statistical analysis

Data were analyzed using the “R” data analysis software, version
2.11.1.

Amodel for the evolution of the summation of gas scores against PM
time and treatment was proposed. Exploration of the data showed a
linear pattern of variation for putrefaction and a logarithmic growth
pattern for the other two treatments. Thus, the proposed model has
the form:

GS ¼ aþ τAAþ τDDþ βPP � hoursþ βAA � log 1þ hoursð Þ
þ βDD � log 1þ hoursð Þ þ ε

ð1Þ

where GS represents the gas score, P, A and D are 0–1 variables indicat-
ing the used treatment (putrefaction, induced AE and C/D respectively)
hours represents the PM time and finally ε is the error term,which has a
mean of zero and a variance constant. Parameters τA and τD correspond
to the expected increase of the gas score for the induced AE and C/D
models respectively in relation to putrefaction treatment at zero
hours. Themodelwasfitted by the least squaresmethod. The estimation
of the parameterswas expressed by 95% confidence intervals. The good-
ness of fit was assessed using the corrected coefficient R2. Statistical
significance was set at P b 0.05.
Table 1
Gas score index for intravenous bubbles.

Gas score Definition

0 Absence of gas bubbles within venous vessels (Fig. 1a, d, g).
I Occasional small bubble found by carefully screening of venous

vessels (Fig. 1b).
II Few bubbles: Gas bubbles are more easily found but a careful

screening of different venous vessels and sections of the veins is also
required. The quantity of gas bubbles is easy to count. In addition,
small “discontinuities of blood” can be present. These discontinuities
of blood are small sections of veins showing absence of red cells and
associated haemoglobin but with clear liquid instead, presumably
plasma from which the red cells have retracted. There is no evidence
of gas in these sections, and the veins show different grades of
collapse.

III Few bubbles but larger discontinuities of blood.
IV Moderate presence of gas bubbles within a specific vein (Fig. 1h).

The presence of gas bubbles is obvious at this score, and a careful
screening for localized gas bubbles is no longer necessary. Counting
gas bubbles would be a tedious but possible task.

V Abundant presence of gas bubbles (Fig. 1i); many gas bubbles of
different volumes would be present within the same vein making
quantification of bubbles very difficult, if not impossible.

VI Complete sections of vessels filled with gas (Fig. 1c, e, f). This
occurs by the coalescence of gas bubbles. Quantification of bubbles is
no longer possible.
Using the calculated model, we tested whether the expected values
of the gas score from the AE model (Eq. (2)) and from the C/D model
(Eq. (3)) were significantly higher along the observation time with a
confidence interval of 95% using the following equations for the expect-
ed values:

E GS jhours¼ h; treat ¼ AE½ �‐E GSj hours ¼ h; treat ¼ P½ � ¼ τA
þ βA log 1þ hð Þ−βPh

ð2Þ

E GS jhours¼ h; treat ¼ C=D½ �‐E GSj hours ¼ h; treat ¼ P½ � ¼ τD
þ βD log 1þ hð Þ−βPh In:

ð3Þ

In addition, the correlation between PM time (hours) and decompo-
sition codes was studied using Pearson coefficient (r).

3. Results

The flux of gas bubbles was documented using a gas score index in
41 NZWR throughout a period of 67 PM hours.

3.1. Gross findings

3.1.1. Experimental putrefaction model
In the putrefaction model bubbles were absent in most animals or

present in small numbers in others that were examined within
12 h PM (Fig. 1a, d, g). These animals were very fresh, not showing
coloration changes in any tissue; hence theywere assignedwith decom-
position code 2. The first bubbles were observed at 6 h PM in the mes-
enteric veins. Only two bubbles were found at this time. At 12 h PM,
several small blood discontinuities could be observed in the mesenteric
veins, but still only one or two gas bubbles were observed. In the subcu-
taneous veins a single bubble was found. The intestine showed small
gas-inflated sections.

The animals examined after 27 PMhours presentedwith a fewmore
bubbles. A decomposition code 3 was given to the animals examined at
this PM time based on changes in the coloration of the abdominal vis-
cera and because of the moderately friable state of some organs such
as the intestine, stomach, liver, and spleen, although the organ's struc-
tures were still intact. The caecum was gas-distended. The adipose tis-
sue surrounding the kidney and the coronary fat presented with an
emphysematous appearance. Small discontinuities in the blood were
observed in the subcutaneous and mesenteric veins. A few bubbles
were found in the femoral vein and in the vena cava. Gas bubbles
were not observed in the coronary veins or right atrium. Aspiration of
the right cardiac ventricle showed absence of gas.

At 42 h PM, decomposition code 4, gas (0.5 mL) was recovered from
the right cardiac ventricle for the first time. Decomposition code 4 was
designated to this PM time based on changes of coloration in most tis-
sues, including subcutaneous and thoracic cavity tissues. The brain
and all abdominal organs were moderately-severely friable. The diges-
tive tract had lost its structure in some areas causing the presence of
food in the abdominal cavity. Both the heart and lungs presented with
a homogenous reddish-brown color and were slightly friable. Large
blood discontinuities and a few bubbles were observed in most veins,
including the subcutaneous, femoral, mesenteric veins, and the vena



Table 3
Illustration of the establishment of the gas score for each animal. Abbreviations: v, veins.

Identification Subcutaneous v. Mesenteric v. Femoral v. Vena cava Right atrium Coronary v. Interstitial emphysema in fatty tissue Subcapsular emphysema Total

Animal n 0–VI 0–VI 0–VI 0–VI 0–VI 0–VI 0–3 0–3 0–42
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cava. Of importance is the fact that there continued to be an absence of
gas bubbles in the coronary veins up to 42 h PM. An accumulation of gas
could be observed underneath the capsule of the liver (subcapsular
emphysema).

Finally, at 67 h PM (decomposition code 5), a moderate to abun-
dant amount of gas bubbles was observed in the cardiovascular sys-
tem, except for the coronary veins. Using an aspirometer, up to
0.9 mL and 0.6 mL of gas were recovered from the right and left car-
diac ventricles respectively. Subcapsular gas was observed in several
organs. The largest subcapsular gas volumes were found in the liver
and kidneys. Interstitial emphysemawas observed in all adipose tissues
of the animal.
Fig. 1.Photos from fresh animals (with amaximumof 12 h PM) illustrating thefluxof gas bubble
model (shown in rows). Appearance of the subcutaneous veins of animals from the putrefaction
infusedAE (e) and C/Dmodel (f). Appearance of themesenteric veins in the putrefaction (g), infu
g), gas score 1 (b), gas score 4 (h), gas score 5 (i) and gas score 6 (c, e, and f). Arrows in (c) are in
the vena cava.
3.1.2. Experimental infused AE model
In the AE model gas bubbles were first observed in the right atrium

and in the coronary veins. Gas bubbles could be observed in the right
atrium because it is slightly translucent and was gas-distended. Imme-
diately after death and 20 min later, bubbles were not observed in
other tissues. The gas sampled from the right and left cardiac ventricles
(0.6–0.8 mL) was recovered as foam. At 40 min PM, abundant gas bub-
bles were observed in the vena cava and up to 8 mL were recovered
from the right cardiac ventricle. One mL of gas was recovered from the
left cardiac ventricle. Gas was recovered as a clean gaseous phase well
separated from the liquid phase. After one hour, gas bubbleswerewide-
ly disseminated in the circulatory vascular system in large volumes,
s in different locations of the circulatory system (shown in columns) for each experimental
(a), infusedAE (b) andC/Dmodel (c). Appearance of the VenaCava in theputrefaction (d),
sedAE (h) and C/Dmodel (i). Gas scores given to each illustration are: gas score 0 (a, d and
dicating a subcutaneous vein full of gas. Arrows in (d, e, and f) are indicating the location of



Table 4
Estimated model for gas index growth over time adjusted R2 = 0.8982.

Parameter Estimation (SE) P-value

α −0.797 (2.090) 0.7061 (NS)
τ2 (difference between AE and P at time 0) 11.986 (2.913) b0.001
τ3 (difference between C/D and P at time 0) 33.112 (2.739) b0.001
β1(growing rate for P) 0.409 (0.051) b0.001
β2 (growing rate for AE) 6.228 (0.793) b0.001
β3 (growing rate for C/D) 1.051 (0.808) 0.2047 (NS)
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except for the subcutaneous veins where an absence or scarce presence
of bubbles was observed (Fig. 1b, e and h). At 12 h PM gas bubbles were
observed in large quantities in the subcutaneous veins. At this time the
adipose tissue started to acquire an emphysematous appearance. Sub-
capsular gas was not observed until 27 h PM. The average volume of
gas recovered from all animals exposed to induced air embolism was
2.6 ± 2.5 mL from the right cardiac ventricle and 0.4 ± 0.4 mL from
the left cardiac ventricle. Two out of eleven spleens were slightly larger
compared to the others andpresented small and numerous bubbles that
could be externally observed, resembling a sponge.

3.1.3. Compression/decompression model
Examinations of the animals immediately after their death because

of decompression showed gas bubbles widely dispersed and in large
volumes in the entire circulatory system, including peripheral veins
(Fig. 1c, f, i). Emphysema in the adipose tissue (abdominal adipose tis-
sue and coronary fat) was copious. These findings were the same for
all animals regardless of observation time. In several animals the heart
was found gas-distended. Those sections of veins that were not filled
with gas were very congestive. Multiple haemorrhages could be grossly
observed in different tissues and organs such as subcutaneous tissue,
abdominal adipose tissue, mesentery, spleen, kidneys, lungs, or heart.
The largest volume recovered from the right cardiac ventricle was
12mL. The average gas volume recovered from the right cardiac ventri-
cle was 5.2 ± 3.4 mL and 0.6 ± 0.5 mL from the left cardiac ventricle.
Three out of eleven spleens were completely distended by gas, resem-
bling air balloons.

PM results of the animals that survived for one hour after decom-
pression and were subsequently euthanized were similar to the putre-
faction model.

3.2. Gas score

The calculated model for the evolution of summation of gas scores
against PM time and treatment had a good fit (adjusted R2 = 0.90)
(Fig. 2) (Table 4). It showed statistical difference (P b 0.001) of
Fig. 2. Plot of the total gas score of each animal (raw data) and the predicted model with
95% confidence interval against the PM time at which the animal was examined. The data
of the putrefactionmodel are presentedwith black rhombuses. The infusedAEmodel data
are presented with blue circles, the C/D model data are presented with red triangles, and
the animals from the C/D model that survived for 1 h after decompression and were
euthanized, thus excluded from the model, are represented with green asterisks. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
gas score between the three models at time zero (Table 4). Calcu-
lated initial levels of gas score for the infused AE model were 12.0
units (95% CI = 6.3; 17.7) higher than the putrefaction model, and
those from the C/D model were 33.1 units (95% CI = 27.7; 38.5) higher
than the putrefaction model, and 21.1 units (95% CI = 15.8; 26.4)
higher than the infused AE model (Fig. 3). Both AE and C/D models
were statistically different (P b 0.05) from the putrefaction model
throughout the 67 PM hours (Fig. 3). However, this difference de-
creased with PM time.

Putrefaction gases were calculated to grow linearly (P b 0.001), at a
rate of 0.4 units per hour (95% CI=0.3; 0.5),while the gas in the infused
AE model grew logarithmically (P b 0.001; 95% CI = 4.7; 7.8). In con-
trast, there was a non-significant (P = 0.205) logarithmic growth of
gases from decompression because the start and the end values were
similar (Fig. 2).

Correlation results between PM time and decomposition code
showed that these variables have a strong positive linear correlation
(r= 0.959; P b 0.001),meaning that these variables could be used inde-
pendently and that they have the same predictive value.

4. Discussion

The gas score method allows for differentiation between putre-
faction gases, air embolism, and gases formed in response to decom-
pression from hyperbaric exposures. Significant differences for gas
score between the three models at time zero were found (Fig. 2).
The amount of gas produced because of a fatal decompression was
consistently close to the maximum gas score. This gas was widely
distributed, including peripheral veins and adipose tissue (Fig. 1).
This was the main difference when comparing the C/D model to the
AE model. Differences among the three models decreased with PM
time as putrefaction gases were produced (Figs. 2 and 3). The putre-
faction model did not show a relevant gas score compared to the AE
or C/D model until after 27 PM hours (Fig. 2), in agreement with gas
composition analyses performed on the same animals (Bernaldo de
Quirós et al., 2013a).
Fig. 3. Expected difference in the gas score between the AE (a) and C/D model
(b) compared to the putrefaction model along PM time with a CI of 95%.
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4.1. Putrefaction model

Decomposition codes had a strong correlation with PM time, mean-
ing that decomposition code and PM time had the same predictive
value. The advantage of decomposition coding is that it allows for the
comparison between different individuals that are within the same
decomposition code, regardless of the PM time and environmental
conditions.

The complete absence of gas bubbles in rabbits necropsied immedi-
ately or within a few PM hours (decomposition code 2) is the most im-
portant result obtained from the putrefaction model. It indicates that a
certain level of putrefaction must be reached in order to produce
enough gas to favor gas phase separation from fluids, or at least to be
large enough to be macroscopically detected. These negative results
also indicate that proper dissection techniques do not introduce air
bubbles.

In the putrefaction model gas scores were very low during the first
PM hours. Moderate scores were reached after 27 h PM. Gas composi-
tion analyses performed on the same animals (Bernaldo de Quirós
et al., 2013a) showed statistical differences in composition of the gas
up to 27 h PM. After this time putrefaction gases would mask the origi-
nal gas composition of the emboli. Putrefaction gases were character-
ized by the presence of hydrogen. Hydrogen was found in most of the
samples taken after 27 h PM, but it was absent in fresher samples
(Bernaldo de Quirós et al., 2013a). Therefore, both the gas scoremethod
and gas analysis are showing similar results and they indicate the im-
portance of performing autopsies in a timely manner in cases where
air embolism or diving accidents are suspected.

4.2. AE and C/D model

In the air embolism model, gas score increased during the first PM
hours, suggesting that the dissolved gas carrying capacity of the blood
might be higher during circulation than in a static mode. Thus, some
of the gas would come out from solution once the blood circulation
has stopped (PM off-gassing). An alternative or complementary
explanation would be that microscopic bubbles might coalesce to
form larger macroscopic gas bubbles. This could not be observed as
clearly in the C/D as in the AE model; the animals that died because of
decompression showed gas score values close to the maximum scale
of the scoring method.

Gas in the spleen was observed in two out of eleven animals in the
AE model and in three out of eleven in the C/D model, but never in
the putrefaction model (zero out of ten). The presence of gas in the
spleen, both in the AE and in the C/D model, suggests that it is more
likely due to an in vivo gas accumulation rather than in situ bubble
formation.

4.3. Particularities of the C/D model

The C/Dmodel presented some particularities, differing from the AE
and putrefaction models. This is the only model in which gas bubbles
were observed in the peripheral veins as well as in the adipose tissue
immediately after death (Fig. 1). Similar findings have been previously
described in other species such asmice, rats, pigs, and rabbits (including
NZWR), that have been rapidly decompressed following exposure to
high pressures (Eggleton et al., 1945; Lever et al., 1966; Shim et al.,
1967). This quality of the C/D model might be due to how bubbles are
formed in response to decompression. Bubbles are hypothesized to
grow from pre-existing gas nuclei that might be attached to the endo-
thelial layer in the vascular periphery (Harvey, 1945). Bubbles from
the vascular periphery would eventually dislodge from the vessel
walls and wash out into the central venous vessels, where bubbles
would coalesce and increase in size. In addition, the observation of em-
physema in the abdominal adipose tissue of these animals suggests the
formation of bubbles within tissues reaching first peripheral veins and
later central veins. Furthermore, bubbles in the adipose tissue of mice
have been reported to grow steadily in situ after decompression
(Lever et al., 1966). In contrast, in iatrogenic AE cases, gas would enter
into the vascular system only through a specific location.

4.4. PM offgassing and implications of the method

The interpretation of PM gas bubble findings has been widely
discussed (Varlet et al., 2015; Brown et al., 1978; Cole et al., 2006;
Laurent et al., 2011; Laurent et al., 2014; Yokota et al., 2009; Wheen
andWilliams, 2009). Some authors considered these findings to be arti-
facts from putrefaction, attempted resuscitation, or PM offgassing
(Brown et al., 1978; Cole et al., 2006; Laurent et al., 2011; Wheen and
Williams, 2009). In all these cases the presence and topography of the
gas in the body were studied using different imaging techniques, but
very few attempts were made to estimate the volume of the gas
(Varlet et al., 2015; Brown et al., 1978; Laurent et al., 2014). The study
of presence or absence of PM gas has been demonstrated to be of poor
predictive value to diagnose diving fatalities in experimental models
and humans (Varlet et al., 2015; Brown et al., 1978; Cole et al., 2006;
Laurent et al., 2011, 2014; Wheen and Williams, 2009). In contrast,
gas amount was more useful for this goal (Cole et al., 2006; Laurent
et al., 2014).

When using animal models to test diagnostic forensic tools it is cru-
cial that the animals died because of the cause of death being studied.
Additionally, in order to simulate a human dive and its corresponding
degree of tissue's saturation in an animal model, previous empirical
studies or mathematical modeling should be carried out to find the
dive that will cause similar results in the selected animal model. All
the previous papers using animal models (Brown et al., 1978; Cole
et al., 2006; Laurent et al., 2011) failed to fulfill one or both require-
ments. In the current study, a diving profile causing fatal decompression
was chosen in order to validate a forensic methodology to diagnose de-
compression as the cause of death. Only the animals that died after hy-
perbaric decompression were included in the model.

To the author's knowledge, this is the first study that has estimated
qualitatively the PM presence of gas found grossly during necropsies
in different vascular and extravascular locations, and has contrasted its
results with gas composition analyses (Bernaldo de Quirós et al.,
2013a). The performance of necropsies at different PM times enabled
the study of putrefaction gases and PM offgassing.

PM offgassing was only detected during the first PM hours in the AE
model. Since in this model atmospheric air was infused intravenously,
tissues were not saturated. A possible explanation for this observation
is that blood in circulation must be able to hold more dissolved gas
than in static mode: blood pressure created by a pumping heart
decreases after death, altering surface tension, thus microscopic gas
bubbles could grow and coalesce.

The gas scoring (i.e., gas amount) was found to be statistically signif-
icant higher in both the AE and C/Dmodel compared with the putrefac-
tion model throughout the 67 h PM. The largest differences were found
before 27 h PM in agreement with previous studies (Cole et al., 2006;
Laurent et al., 2011) and gas composition analyses (Bernaldo de Quirós
et al., 2013a). Thus, fatal gas embolism can be distinguished PM from
putrefaction gases using gas scoring.

Survivors of the hyperbaric treatment were euthanized after a 1 h
observation period. Thus, these animals did not die because of a fatal hy-
perbaric decompression. They presented a similar gas scoring as the pu-
trefaction model throughout the period of the study. Therefore these
animals were able towash out their nitrogen without causing excessive
bubbling during the ascent surface time. We can conclude that the PM
quantification of the gas is more relevant from a diagnostic point of
view than the mere PM presence or absence of gas.

In many of the papers reporting PM offgassing in humans or animal
models, their subjects drowned at depth after hyperbaric conditions or
received resuscitation maneuvers (Brown et al., 1978; Cole et al., 2006;
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Laurent et al., 2014; Wheen andWilliams, 2009). Resuscitation maneu-
vers are known to introduce gas into circulation (Lawrence and
Cooke, 2006). Drowning at depth will impede wash out of nitrogen
through respiration during ascent or decompression, thus the gas
will necessarily come out of solution and form gas bubbles. This has
also been reported for marine mammals and sea turtles accidentally
caught in nets (Moore et al., 2009; García-Párraga et al., 2014;
Bernaldo de Quirós et al., 2013b). In these cases, a gas scoring
might not be helpful since gas bubbles will always form. Further ex-
periments are needed to test if the gas score method would be useful
to distinguish between PM offgasing in drowned animals at depth,
and in vivo gas embolism.

If a marine mammal dies at depth, it will rarely reach the beach
until putrefaction gases are formed in sufficient volume to float the
animal to the surface, or if hauled up (as in bycatch). In stranded ma-
rine mammals other cofounding factors such as catheterizations or
resuscitation maneuvers do not take place. Hence, the gas scoring
method might be useful to distinguish between putrefaction gases,
as the main artifact, and gas embolism in strandedmarine mammals.
Full pathological studies are needed to distinguish between in vivo
gas embolism (Fernandez et al., 2005) and a beach cast bycaught animal
(Moore et al., 2013). The stranding history might also be extremely
helpful in these cases.

The results from the gas score in rabbits could be extrapolated to
marine mammals or other species with caution. Temperature and PM
time are unknown in most marine mammal strandings. The difference
in blood volume, absence or presence of fur, among other factors,
might influence the PM time at which macroscopically bubbles could
be observed. In order to use the gas score method in marine mammals
or other species, a baseline putrefaction (decomposition code) gas scor-
ing needs to be undertaken on that specie. Once the baseline has been
built, the pathologist will have to test if his subject has a statistically
significant higher gas score than the baseline for that species. Comple-
mentary gas composition analyses are highly recommended to support
the gas score results.

In this research we have used animal models with the goal of
controlling important variables such as the ambient temperature and
time of death. The control of these conditions was required in order to
test for the efficacy of themethod. Given the statistical results obtained,
we can conclude that the gas scoring method is a valid diagnostic
method, which could be used to distinguish between fatal decom-
pression, iatrogenic air embolism, and putrefaction gases.

In conclusion, we have validated a new low cost, simple technique,
which can be used by all stranding networks worldwide, to evaluate
the quantity and topography of gas found grossly at necropsies.
This method has been proven to be of relevance for distinguishing
between different gas embolism processes (i.e. iatrogenic air
embolism and fatal decompression) from putrefaction gases, especially
before 27 h PM. This method would allow for the estimation of the gas
quantity in stranded marine mammals which cannot be placed in a CT
scanner for logistical reasons. It would be preferable to use the gas
score method together with gas analyses to gain maximum data, but
the gas scoremethod could also be used as an alternative to gas compo-
sition analyses when there is no access to specialized equipment or
staff.
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