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First published July 1, 2015; doi:10.1152/jn.00466.2015.—Mass
stranding of cetaceans (whales and dolphins), in close association with
the activity of naval sonar systems, has been reported on numerous
occasions. Necropsy showed bubble-associated lesions similar to
those described in human decompression sickness (DCS). We exam-
ined the hypothesis that exposure to underwater sound may potentiate
DCS. Rats were subjected to immersion and simulated dives with and
without simultaneous acoustic transmissions at pressure levels and
frequencies of 204 dB/8 kHz and 183.3 dB/15 kHz. DCS severity was
assessed using the rotating wheel method. Recording of somatosen-
sory evoked potentials (SSEPs) was employed under general anesthe-
sia as an electrophysiological measure of neurologic insult. A signif-
icantly higher rate of decompression sickness was found among
animals exposed to the 204-dB/8-kHz sound field. Significantly higher
pathological SSEPs scores were noted for both underwater sound
protocols. Pathological SSEPs scores in animals immersed during the
acoustic transmissions, but without changes in ambient pressure, were
comparable to those observed in animals exposed to the dive profile.
The results demonstrate induction of neurological damage by intense
underwater sound during immersion, with a further deleterious effect
when this was combined with decompression stress. The study out-
come has potential implications for human diving safety and may
provide an explanation for the mass stranding of cetaceans purport-
edly associated with sonar activity.

bioeffect; decompression sickness; rectified diffusion; somatosensory
evoked potentials; underwater acoustics

MASS STRANDINGS OF CETACEANS (whales and dolphins) have
been recorded over many decades on the vulnerable north- and
southeastern shores of the United States and in New Zealand
and Australia, with most of the stranded animals showing no
significant pathology (Bogomolni et al. 2010; Bradshaw et al.
2006). Recently, alarming numbers of mass stranding events
have been reported in close association with the activity of
mid-frequency (1-10 kHz) naval sonar systems (Balcomb and
Claridge 2001; Parsons et al. 2008). Necropsy of these marine
mammals revealed gas bubble-associated lesions and fat em-
bolism in the blood vessels and parenchyma of vital organs, not
unlike those described in human divers suffering from decom-
pression sickness (DCS) (Fernandez et al. 2004, 2005; Jepson
et al. 2003). B-mode ultrasound scanning of live-stranded
dolphins demonstrated the presence of bubbles, which was
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later corroborated by computerized tomography and necropsy
of the dead animals (Dennison et al. 2012).

The accepted pathogenesis of DCS involves tissue injury
resulting either directly or indirectly from the formation of
inert gas bubbles during decompression (Francis and Gorman
1993). Bubble nuclei will grow to macroscopic size only under
conditions of supersaturation, which develop when the partial
pressure of the inert gas in the tissues is higher than that in the
ambient atmosphere (Crum and Mao 1996). Symptoms and
signs in the human include joint pain, skin rash, neurological
dysfunction varying in severity from limb numbness to paral-
ysis and hemiplegia, and, in some cases, cardiopulmonary
collapse (Melamed et al. 1992).

Previous studies have shown nitrogen supersaturation even
during routine foraging dives of marine mammals, which
probably avoid DCS by physiological adaptation and diving
behavior dictated by evolutionary processes (Hooker et al.
2012; Houser et al. 2001; Moore and Early 2004; Ridgway and
Howard 1979; Rommel et al. 2006). In the human diver,
nitrogen supersaturation may develop during the ascent from a
dive using compressed air SCUBA (self-contained underwater
breathing apparatus). The presence of inert gas bubbles in the
circulation has even been demonstrated for the decompression
phase of dives carried out with meticulous adherence to the
decompression stops stipulated by widely employed decom-
pression tables (Melamed et al. 1992).

The necropsy findings in stranded cetaceans may be ex-
plained by changes in diving behavior that could lead to critical
levels of nitrogen supersaturation, thereby increasing the risk
of DCS (Fernandez et al. 2004; Rommel et al. 2006). An
alternative explanation for the massive presence of nitrogen
bubbles may be the expansion of existing inert gas micro-
bubbles by means of rectified diffusion, secondary to the
activity of underwater sonar. This may produce DCS-like
infarcts (Crum et al. 2005; Houser et al. 2001). Rectified
diffusion is the mechanism whereby growth of gas bubbles
takes place in a liquid on exposure to a sufficiently intense
sound field (Leighton 1994). When a bubble is forced to
oscillate about an equilibrium value, it first contracts, the
partial pressure of the gas in the interior of the bubble in-
creases, and gas diffuses from the bubble to the tissue. The
bubble then expands, the partial pressure of the gas in
the interior decreases, and gas diffuses into the bubble. Be-
cause the total number of molecules transported through the
interface in a given time is proportional to the surface area of
the bubble, more gas will enter during the expansion phase
than leaves during contraction so that over a complete cycle,
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there will be a net increase in the number of gas molecules
within the bubble. The main effect contributing to bubble
expansion, once it has been initiated, is diffusion of the gas in
the liquid, which is proportional to its gradient. When the
bubble expands, the gas concentration in its immediate vicin-
ity, and thus diffusion toward the bubble, will increase and
contribute to bubble enlargement.

Bubble nuclei already present in the marine mammal or
human diver’s tissues might destabilize and grow under the
influence of ultrasound. Significant bubble production under
these circumstances has been demonstrated in studies of an in
vitro agar-based gel (Crum et al. 1987; Daniels et al. 1987), ex
vivo tissues and the whole organ (Crum et al. 2005), and in
vivo prawn, guinea pig, and rat models (Arieli et al. 2000;
Shupak et al. 2002; ter Haar et al. 1982).

The suggested mechanism of inert gas bubble expansion
might explain the lethal effects of exposure to sonar activity on
marine mammals. No less important, it has potential implica-
tions for the safety of humans diving in the vicinity of sonar
transmissions or exposed to the action of acoustic beacons,
which are employed under water for diving surveillance, sig-
naling, and navigation (Rooney 1979; Smith and Hunter 1980).

We examined the hypothesis that exposure to mid- and
high-frequency sound during a controlled, simulated dive in
the adult male rat model may potentiate clinical DCS and
interfere with neuronal activity, as reflected by changes in
somatosensory evoked potentials (SSEPs).

MATERIALS AND METHODS
Animals

A total of 189 male albino rats (Rattus norvegicus, Sprague-
Dawley strain) weighing 350—-400 g were used in the study, 53
animals in the preliminary experiment and 136 in the main investi-
gation. Before the experimental sessions, rats were housed in an
accredited animal care facility and had access to food and water ad
libitum. The experimental procedures were approved by the Israel
Ministry of Defense Animal Care Committee and were conducted in
accordance with the principles of laboratory animal care (National
Research Council 2011).

Exposure Pool and Animal Cage

A custom-designed trapezoid-shaped pool, anechoic and tempera-
ture-controlled, was filled with water and placed inside a 150-1
hyperbaric chamber (Roberto Galeazzi, La Spezia, Italy). The pool
measured 150 X 130 cm and was 90 cm deep. A round wire mesh
cage 20 cm in diameter, suspended above the pool, was lowered by
means of a pulley construction and immersed in the water as required.
One animal at a time was put into the cage and immersed head-out in
the pool. The animal was unrestrained and could move about freely
inside the cage. Water heated to 37°C circulated continuously to keep
the animal normothermic during the experiment (flow-type heater,
model MTI-H20-R1; MTI, Kfar Hanagid, Israel).

Preliminary Study

Preliminary experiments were conducted on 53 rats to find a
compression-decompression profile that would result in signs of DCS
in about half of the animals with a minimal mortality rate. Such a
protocol was required for the main study, whose purpose was to
examine the possible influence of underwater sound on the occurrence
of DCS. This had to be accomplished by using a compression-
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decompression profile that was not extreme, producing a high rate of
DCS and death. A previously published rat DCS model was adopted
as the initial format (Lillo and Parker 2000). Animals were randomly
allocated to each of the experimental simulated dive profiles using a
computerized “randomizer” (http://www.random.org/sequences). Af-
ter the completion of each preliminary experiment, which included
exposure to the simulated dive profile and assessment of DCS by the
rotating wheel method as detailed below, the animal was euthanized
by intraperitoneal injection of pentobarbital sodium (200 mg/1.5 kg
body wt).

Assessment of DCS. DCS was assessed using the rotating wheel
method, based on previously reported studies (Kayar et al. 1998; Lillo
and Parker 2000). A pneumatic rotating cylindrical cage was con-
structed from two commercial running wheels (diameter 21 cm, width
21 cm). A door was cut in each running wheel to enable the rat to be
placed inside. The engine of a pneumatic drill was adjusted with
transmission wheels and a rubber band to run the cylindrical cage,
while the rotation rate was controlled using a pressure gauge. After
decompression to atmospheric pressure, the rat was freed from the
exposure cage and placed inside the cylindrical cage rotating at a
perimeter speed of ~3 m/min for 0.5 h. This was established to be a
sufficient length of time for almost all cases of DCS to become
evident (Lillo et al. 1985). The active role of the rat, stepping as it
advances inside the rotating wheel, should reveal DCS-induced car-
diopulmonary and motor derangements that might remain undiag-
nosed with the animal at rest.

Signs of DCS, as adopted from Lillo and Parker (2000), consisted
of walking difficulties, abnormal breathing pattern, forelimb and/or
hind limb paralysis, rolling about in the rotating wheel, convulsions,
and death. Outcome was divided into three categories: “no DCS,”
“DCS excluding death,” and “death” when signs of DCS culminated
in death. Before the experiment commenced, the animal was placed in
the rotating cage to ensure a normal motion pattern.

Main Studies

The rat was immersed head-out in the wire mesh cage inside the
exposure pool and was subjected to the simulated dive profile de-
signed to induce decompression sickness while exposed to transmis-
sion from an acoustic beacon. Six groups of 10 animals were assessed
for DCS after immersion or a simulated dive with or without exposure
to sound, and 6 additional groups of 10 animals underwent examina-
tion of SSEPs. Animals in the Control group were immersed only,
without exposure to sound. Those in the 8 kHz group were immersed
while exposed to sound at 8 kHz. Rats in the 15 kHz group were
immersed while exposed to sound at 15 kHz. Animals in the diving
group made a simulated dive, without exposure to sound. Those in the
Diving + 8 kHz group made a simulated dive while exposed to sound
at 8 kHz. Rats in the Diving + 15 kHz group made a simulated dive
while exposed to sound at 15 kHz. Animals were randomly assigned
to each of the study groups using a computerized “randomizer”
(http://www.random.org/sequences).

Sound exposure. An acoustic beacon, 116 mm in diameter, was
submerged in the exposure pool at a depth of 20 cm and at a distance
of 100 cm from the animal’s cage. Intermittent sounds at a pressure
level of 204 dB re 1 wPa (16 kPa) and a frequency of 8 kHz or 188.3
dB re 1 uPa (2.6 kPa) and a frequency of 15 kHz, measured at the
animal’s abdomen with a duration of 100 ms, were transmitted
omnidirectionally in a duty cycle of 10% from commencement to
termination of the immersion or simulated dive for a total of 34 min
and 6 s. Unless otherwise indicated, all sound pressure level (SPL)
values in this text refer to 1 wPa at the exposure site. The sound source
was a commercially available acoustic beacon used for underwater
communication (model TSE-4; L-3 Communications ELAC Nautik,
Kiel, Germany). SPLs were measured at the level of the animal’s
abdomen by a hydrophone (model 8105; Briiel & Kj@r, Nerum,
Denmark) and were repeatedly verified before each individual expo-
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Fig. 1. Somatosensory evoked potential (SSEP) recording montage showing
placement of the recording electrodes. Pz, electrode placed over the motor
cortex; C2-3, electrode placed over the cervical intervertebral spaces; L1-2,
electrode placed over the lumbar intervertebral spaces; Ref, reference elec-
trodes placed between the scapulas and iliac crests; G, common ground
electrode; S, stimulation electrodes for median nerve (fore paw) and peroneal
nerve (hind paw).

sure. Sound at 8 kHz/204 dB represents the typical transmission of
naval sonar, which has been associated with numerous incidents of
cetacean stranding. Sound at 15 kHz/188.3 dB is in the transmission
range of commonly used underwater navigation devices employed by
human divers (Salami et al. 2010; Smith and Hunter 1980; Watts
1999).

Assessment of DCS. The rat was removed from the immersion cage
and placed inside the rotating cage for 30 min. DCS severity was
scored as described above.

Examination of SSEPs. SSEPs were examined under intraperitoneal
anesthesia 30 min after completion of the immersion or the simulated
dive.

Recording and scoring of SSEPs. Recording of SSEPs was em-
ployed as an electrophysiological measure of neurological insult.
Clinical studies have consistently found that abnormalities in the
SSEPs are associated with spinal cord posterior column injuries,
particularly in severe cases of DCS. This method has been success-
fully employed in DCS research in the rat and the dog (Francis et al.
1990; Hyldegaard et al. 1994; Katsenelson et al. 2009; Shupak et al.
2003; Sykes et al. 1986) and in the clinical evaluation of acute DCS
in humans (Murrison et al. 1995).

For recording of the SSEPs, rats were anesthetized by intraperito-
neal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg).
Ketamine-xylazine anesthesia has no significant effect on peripheral
neural conduction (Hayton et al. 1999) and has been successfully used
in the past for recording SSEPs in the same animal species (Shupak et
al. 2003). We waited 15 min after the immersion was completed
before commencing anesthesia because preliminary trials showed that
a shorter interval resulted in a high mortality rate, probably due to the
combination of decompression stress and anesthesia. The SSEPs
recording electrodes were then placed in position, and wave registra-
tion commenced 30-min postimmersion. To avoid any effect of
alterations in body temperature on wave latency and amplitude of the
SSEPs, temperature was maintained at 37°C by means of a thermo-
statically heated pad (Oro and Haghighi 1992). During recording, the
heating pad was disconnected to eliminate electrical interference.

Stimuli were electrical square wave pulses of 100-us duration and
at a repetition rate of 4 pulses/s, administered using a disposable
monopolar needle with cable electrodes. The electrodes were posi-
tioned subcutaneously between the medial malleolus and the Achilles
tendon for hind paw peroneal nerve stimulation and in the palmar
aspect of the wrist for forepaw median nerve stimulation, as described
previously (Shupak et al. 2003).

Alternate bilateral stimulation of the upper and lower limbs was
delivered at a suprathreshold intensity sufficient to cause moderate
contraction of the digits and the whole limb. Recording electrodes
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were placed transcutaneously over the C2-3 and L1-2 intervertebral
spaces and on the skull vertex over the motor cortex (Pz). References
for the Pz, C2-3, and L1-2 recordings were placed subcutaneously 1.5
cm below the Pz recording position, between the scapulas, and
between the iliac crests, respectively. A common ground electrode
was placed below the tail root (Fig. 1). Impedance of the recording
and reference electrodes was maintained below 5 k(). Analysis time
was 21 ms, and 500 repetitions per trial were averaged. To avoid
possible side or limb bias, stimulation and recording order were
random among the animals. Each averaged recording was replicated
and superimposed to verify reproducibility of waveform, amplitude,
and latency.

A P1Pz

10 pv
N1Pz
3 ms
B P1C2
PATY
N1C2
3ms P2L1
PIL1
10 v
NIL1
3 ms

Fig. 2. Normal SSEP wave forms. A: cortical (Pz) recording in response to
stimulation of the median nerve. B: cervical spinal cord (C2-3) recording in
response to stimulation of the median nerve. C: lumber spinal cord (L1-2)
recording in response to stimulation of the peroneal nerve.
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Table 1.
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Preliminary study: the compression-decompression profiles examined

No. of Compression Rate, Bottom Pressure, Bottom Time, Decompression Rate,
Profile Animals ATA/min ATA min ATA/min No DCS DCS Death
A* 15 10 8 33 20 2 5 8
B 10 10 7 33 20 5 4 1
Ct 6 10 6.5 33 6.6 2 0 4
D 10 10 6.5 33 20 5 0 5
E 12 10 6.5 33 10 7 5 0

*Compression-decompression profile adopted from Lillo and Parker (2000). This experiment included a smaller number of animals because a high mortality
rate was already observed among the first 6 animals. ATA, atmospheres absolute; DCS, decompression sickness.

For analysis of the SSEPs, wave peaks were selected when the
statistical correlation between the same peaks in two subsequent
recordings was 0.75 or greater. A peak latency more than two standard
deviations from the mean latency of the Control group (immersion
only) was defined as abnormal. Lumbar spine SSEPs are characterized
by a three-wave response, whereas cervical spine and cortical stimu-
lation are followed by a biphasic wave response (Fig. 2). Normal
SSEPs, when all peaks could be identified and their latency was within
two standard deviations, were summed up to a total of seven evoked
waves from each side. Each abnormal or nondetectable wave was
assigned a score of 1; thus the severity of abnormal SSEPs was scored
from O to 14 for each animal.

At the end of the study, animals were euthanized by intraperitoneal
injection of pentobarbital sodium (200 mg/1.5 kg body wt).

Statistical Analysis

The x* test was employed to compare the occurrence of DCS
between the groups in the DCS assessment study. For SSEPs, non-
parametric ANOVA (Kruskal-Wallis test) and Dunn’s multiple com-
parisons test were used to analyze the variance in pathological scores
between the groups. A P value <0.05 was considered statistically
significant.

RESULTS
Preliminary Study

The compression-decompression profile suggested by Lillo
and Parker (2000) resulted in the immediate death of 53% of
the animals. This profile did not therefore comply with the goal
of a DCS rate of ~ 50% with minimal mortality, which was
our requirement for assessment of DCS and SSEPs and one of
the main conditions of the study.

Additional simulated dive profiles were tested (profiles B-E,
detailed in Table 1). The profile found to be suitable was
compression at a rate of 10 atmospheres absolute (ATA) per
minute to 6.5 ATA, remaining at this bottom pressure for 33
min, and decompression to an ambient pressure of 1 ATA at a
rate of 10 ATA/min (profile E, Table 1).

Main Studies

Assessment of DCS. Rats in the Control, 8 kHz, and 15 kHz
groups showed no overt signs of DCS. Thirty percent of the
animals in the Diving group were diagnosed with DCS. A
similar incidence of DCS was observed in the Diving + 15
kHz group. The Diving + 8 kHz group had a DCS rate of 30%
and mortality of 20% (Fig. 3). All cases of DCS and death
occurred within 30 min of decompression. The higher inci-
dence of DCS and death among rats in the Diving + 8 kHz
group reached statistical significance compared with the 8 kHz
and Diving groups (P < 0.02, x* test). No significant differ-

ence in the incidence of DCS was found between the Control,
15 kHz, Diving, and Diving + 15 kHz groups.

Assessment of SSEPs. Recording of the evoked potentials
had to be from live animals. For that reason, rats which
succumbed to DCS were replaced by others that were exposed
to the same experimental conditions. Figure 4 is a flow diagram
depicting the animals’ progress through the preliminary and
main studies.

Nonparametric ANOVA (Kruskal-Wallis test) showed sig-
nificant variance in pathological scores for SSEPs between the
Control, 8 kHz, Diving, and Diving + 8 kHz groups (P <
0.0001). This variance was explained by the differences be-
tween the Control group and the 8 kHz, Diving, and Diving +
8 kHz groups (P < 0.05, P < 0.01, and P < 0.001, respec-
tively, Dunn’s multiple comparisons test).

Comparison of the SSEPs scores in the 8 kHz, Diving, and
Diving + 8 kHz groups showed a significant difference (P <
0.01); the multiple comparisons test indicated a significantly
higher score in the Diving + 8 kHz group compared with the
8 kHz and Diving groups (P < 0.05).

Significant variance was also found in SSEPs scores be-
tween the Control, 15 kHz, Diving, and Diving + 15 kHz
groups (P < 0.0001). This stemmed from the differences

10

9

mDEATH
DCs
NO DCS

Number of Subjects
|

15 kHz ‘ D
Study Groups

C 8 kHz D+8 kHz D+15kHz

Fig. 3. Incidence of decompression sickness (DCS) in the different groups
during 30-min walking in the rotating cage. Groups: C, Control (immersion
only); 8 kHz, immersion while exposed to transmission at 8 kHz; 15 kHz,
immersion while exposed to transmission at 15 kHz; D, Diving (simulated
dive); D+8 kHz, simulated dive while exposed to transmission at 8 kHz;
D+15 kHz, simulated dive while exposed to transmission at 15 kHz. Out-
comes: no DCS, no sign of DCS; DCS, symptoms of DCS (excluding death);
death, symptoms of DCS culminating in death.
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(n=136)

experiment).

l

v Allocation

A 4

Allocated to DCS study (n=60)

+ Immersion only (n=10)

+ Compression-decompression profile while
immersed (n=10)

+ Exposure to 8 kHz transmission while
immersed (n=10)

+ Exposure to 15 kHz transmission while
immersed (n=10)

+ Compression-decompression profile while
immersed and exposed to 8 kHz
transmission (n=10)

+ Compression-decompression profile while
immersed and exposed to 15 kHz
transmission (N=10)

Allocated to SSEP study (n=76)

+ Immersion only (n=10)

+ Compression-decompression profile while
immersed (n=14)

+ Exposure to 8 kHz transmission while
immersed (n=10)

+ Exposure to 15 kHz transmission while
immersed (n=10)

+ Compression-decompression profile while
immersed and exposed to 8 kHz
transmission (n=17)

+ Compression-decompression profile while
immersed and exposed to 15 kHz
transmission (N=15)

Fig. 4. Flow diagram depicting the animals’
progress through the preliminary and main
studies (n = no. of animals).

Analysis
A 4

Analyzed (n=60)
+ Excluded from analysis (n=0)

Analyzed (n=60)

n=4

+ Excluded from analysis (n=16)
Died during the experimental procedures:
- Compression-decompression profile while immersed:

- Compression-decompression profile while immersed
and exposed to 8 kHz transmission: n=7

- Compression-decompression profile while immersed
and exposed to 15 kHz transmission: n=5

between the Control group and the 15 kHz, Diving, and
Diving + 15 kHz groups (P < 0.05, P < 0.05, and P < 0.001,
respectively, Dunn’s multiple comparisons test).

Comparison of the SSEPs scores in the 15 kHz, Diving, and
Diving + 15 kHz groups showed a significant difference (P <
0.01); the multiple comparisons test indicated a significantly
higher score in the Diving + 15 kHz group compared with the
15 kHz and Diving groups (P < 0.01 and P < 0.05,
respectively).

Pathological scores for SSEPs in the 8 kHz and 15 kHz
groups were comparable with those found in the Diving group.
These scores were significantly higher than those found for the
Control group (P < 0.0005, Kruskal-Wallis test; P < 0.01 for
multiple comparisons of the Control group with the 8 kHz, 15
kHz, and Diving groups, Dunn’s multiple comparisons test).
SSEPs scores are presented in Table 2 and Fig. 5.

DISCUSSION

A theoretical physical model (Crum and Mao 1996) dem-
onstrated that at normal fluid saturations, bubble growth could
be initiated by SPLs as low as 180 dB re 1 wPa at 1 m (1 kPa),
whereas significant and rapid growth would take place at
exposure levels >200 dB (10 kPa). Supersaturation of the inert

gas under the same conditions resulted in considerable bubble
growth at lower SPLs and with shorter exposure times. For
example, a 1-um bubble (nucleus) in a fluid with a dissolved
gas concentration of 125% was predicted to increase its diam-
eter 20-fold in about 20 s at exposure levels ranging from 150
to 190 dB (0.03 to 3 kPa).

Table 2. SSEP scores

Study Group SSEP Score
Control 0.8 = 1.13%%
8 kHz 4.8 £2.04%%
15 kHz 4.7 £ 2.4%%
Diving 5.2 £ 2.35%f%
Diving +8 kHZ 8.4 + 32%
Diving +15 kHz 8.5 = 1.78%

Data are means = SD of somatosensory evoked potential (SSEP) scores.
*Kruskal-Wallis test, P < 0.0001; Dunn’s multiple comparisons test: Control
vs. 8 kHz, P < 0.05; Control vs. Diving, P < 0.01; Control vs. Diving +8 kHz,
P < 0.001. iKruskal-Wallis test, P < 0.0001; Dunn’s multiple comparisons
test: Control vs. 15 kHz, P < 0.05; Control vs. Diving, P < 0.05; Control vs.
Diving +15 kHz, P < 0.001. #Kruskal-Wallis test, P < 0.0005; Dunn’s
multiple comparisons test: Control vs. 8 kHz, P < 0.01; Control vs. 15 kHz,
P < 0.01; Control vs. Diving, P < 0.01.
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Fig. 5. SSEP scores for the different groups. The boundary of the box closest
to zero indicates the 25th percentile, the solid line within the box marks the
median, the dashed line marks the mean, and the boundary of the box farthest
from zero indicates the 75th percentile. Whiskers above and below the box
indicate the 90th and 10th percentiles, respectively.

There are a number of studies which corroborate these
theoretical considerations. Extensive bubble production was
demonstrated ex vivo in blood and liver tissue and in the whole
kidney compressed to 5—8 ATA for 1-3 h, with subsequent
exposure to sound transmission at 37 kHz, 214 dB (50 kPa)
(Crum et al. 2005). In prawns compressed to 2 ATA for 10 min
(Arieli et al. 2000), a significant increase was reported in the
mean volume of bubbles under acoustic transmission at 37
kHz, 243 to 249 dB (1,412 to 2,818 kPa). Significant bubble
production was found in the guinea pig when 750-kHz sound
was employed at 200 dB (10 kPa) (ter Haar et al. 1982). In rats
compressed to 4 and 5 ATA for 60 min while exposed to sound
at 37 kHz/208.9 dB (28.2 kPa), vital microscopy of the intes-
tinal mesentery showed a significant increase in both bubble
density and diameter (Shupak et al. 2002).

Inert gas supersaturation, which may play a crucial role in
bubble growth secondary to acoustically induced agitation, is
commonly encountered in both marine mammals and human
divers. During regular diving, the calculated intramuscular
nitrogen tensions for the dolphin, beaked whale, and blue
whale reach ~300% of their level on the surface (Dennison et
al. 2012; Hooker et al. 2009; Houser et al. 2001; Kvadsheim et
al. 2012). In human divers, widely employed decompression
schedules allow for ~160% nitrogen supersaturation during
ascent from a dive (Tikuisis and Gerth 2003).

Hence, both theoretical models and previous ex and in vivo
studies imply that under conditions of inert gas supersaturation,
which are often present during a dive, existing bubbles in
marine mammals and the human diver may be activated and
grow to a significant degree, secondary to underwater sound
transmissions. However, the production and growth of intra-
and extravascular inert gas bubbles does not always result in
overt DCS. Several precordial Doppler and ultrasonic imaging
studies demonstrated the presence of bubbles in asymptomatic
human divers, whereas clinical signs of DCS were correlated
only with the highest bubble scores (Bayne et al. 1985; Daniels
1984; Eckenhoff et al. 1990; Kumar et al. 1997; Nishi et al.
2003).
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The present study demonstrates clinically significant conse-
quences of bubble enlargement, as put forward in the hypoth-
esis. Namely, the occurrence of overt illness or death during
the simulated dive profile designed to induce DCS was higher
in animals subjected to sound transmission at 204 dB/8 kHz. It
may be interesting to note that this higher incidence of DCS
was observed only for the mid-frequency transmission (8 kHz),
which matches the frequency range of naval active sonar that
has been associated with the mass stranding of cetaceans
(DeRuiter et al. 2013; Fahlman et al. 2014; Houser et al. 2001;
Moretti et al. 2014; Salami et al. 2010; Sivle et al. 2012).

Because no measurement such as actual bubble imaging or
quantification was employed in the present study, it cannot be
proved that sound-activated bubble growth was the causative
mechanism of the insult in the rat. Nevertheless, in the context
of previous studies showing inert gas bubble growth secondary
to intense underwater sound transmissions in various animal
models (Arieli et al. 2000; Shupak et al. 2002; ter Haar et al.
1982), this should at least be considered a possible mechanism
contributing to the evolution of the insult.

We found significantly higher pathological scores for SSEPs
in the rats diving while exposed to the underwater sound fields
of 204 dB/8 kHz and 188.3 dB/15 kHz compared with the
“immersion only” condition. These scores were also higher
than those found in the “diving only” group. This indicates a
significant contribution of sound transmission to the develop-
ment of the neurologic insult, in addition to the dysfunction
caused by decompression stress per se.

Significantly higher pathological scores were found for
SSEPs in the immersed rats exposed to 8-kHz and 15-kHz
transmissions compared with the Control group. Although the
growth of micronuclei to form bubbles has previously been
demonstrated at normal inert gas saturation, in such a case
significant bubble expansion would be anticipated only for
sound pressures >210 dB (Crum and Mao 1996). Thus these
SSEPs scores, which were similar to those found in animals
exposed to the simulated dive profile resulting in DCS, require
further explanation.

It has previously been hypothesized that nonauditory effects
of sound exposure may be produced by activation of cortico-
hippocampal areas (Talpalar and Grossman 2005) or by the
influence of vibration on central nervous system (CNS) tissues
and straining of nerve fibers by the mechanical forces induced
(Gennarelli 1993; Mclntosh et al. 1996; Steevens et al. 1999).
The pathological changes we observed in SSEPs also may be
related to significant effects of ultrasound on cell metabolism
as reported in a number of studies, among others an increase in
transepithelial calcium ion transport, resulting in decreased
cellular gap-junction permeability (Dinno et al. 1989), gener-
ation of free radicals with irreversible inactivation of luciferase
and ATPase (Matthews et al. 1993), and lipid and protein
peroxidation (Al-Karmi et al. 1994). Finally, a recent model of
cell vibration, under sound transmission of tens to hundreds of
kilohertz at 1 W/cm® (186 dB re 1 uPa), suggests that the
mechanism may be vibration-induced alterations in neuronal
cell function, including inhibition of action potentials (Or and
Kimmel 2009). The authors propose the theory that due to the
inherently inhomogeneous nature of the cell cytoplasm, acous-
tically driven vibrations may induce relative motion between
various intracellular elements that would affect their function.
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One previous study investigated the neurological impact
of underwater sound in submerged rats under ambient con-
ditions. The animals were subjected to underwater sound of
180 (1 kPa) and 194 dB (5 kPa) at frequencies of 150 and
250 Hz, respectively. The exposure at 180 dB/150 Hz
resulted in transient, minor motor deficits that resolved by
14 days following sound exposure (Laurer et al. 2002). The
authors pointed out the similarity between their findings of
transient neurological deficits and those described in animal
models and human patients suffering from mild traumatic
brain injury.

A single clinical case series reported on two divers suffering
from transient, acute neurological symptoms following short
no-decompression dives to 10 and 20 m while exposed to
underwater transmissions at 160 dB (0.1 kPa)/240 Hz and 181
dB (1.1 kPa)/1,000 Hz (Steevens et al. 1999). The overt
symptoms resolved within 30 min in both cases. However, both
divers reported subtle neurological abnormalities, including
headache and cognitive impairment weeks to months after the
exposures and a single episode of a complex partial seizure 16
mo later in one diver.

Over the past two decades, there have been numerous
reports of the mass stranding of cetaceans in association with
naval sonar activity, becoming the subject of intense public
opinion and scientific discussion (Balcomb and Claridge 2001;
Dalton 2003; Di Guardo and Marruchella 2005; Frantzis 1998;
Malakoff 2001, 2002; Parsons et al. 2008; Piantadosi and
Thalmann 2004; Simmonds and Lopez-Jurado 1991). Several
explanations have been suggested for this disturbing phenom-
enon. Significant changes have been observed in the diving
behavior of marine mammals exposed to mid-frequency sonar
transmissions (DeRuiter et al. 2013; Goldbogen et al. 2013;
Sivle et al. 2012; Tyack et al. 2011). The described deviation
from normal diving behavior may have led to extreme levels of
nitrogen supersaturation, resulting in bubble formation by
off-gassing and DCS-like insults (Dennison et al. 2012; Fahl-
man et al. 2014; Fernandez et al. 2004, 2005; Hooker at al.
2012; Jepson et al. 2003; Parsons et al. 2008; Talpalar and
Grossman 2005).

On the other hand, theoretical models, in vitro studies, and
ex and in vivo studies have shown the feasibility of bubble
agitation and growth by rectified diffusion secondary to intense
underwater sound (Arieli et al. 2000; Crum and Mao 1996;
Crum et al. 1987, 2005; Daniels et al. 1987; ter Haar et al.
1982) with resultant DCS and subsequent stranding (Ferndndez
et al. 2005; Houser et al. 2001). The present study demon-
strates in vivo the facilitation of DCS by underwater sound
transmissions in the frequency and intensity range of sonar
activity purportedly associated with cetacean stranding. Be-
cause abnormalities in the SSEPs were also noted in animals
exposed to underwater sound despite the absence of nitrogen
supersaturation, other underlying mechanisms such as an in-
crease in calcium ion transport or the generation of free
radicals (Al-Karmi et al. 1994; Dinno et al. 1989; Matthews et
al. 1993), vibration effects (Gennarelli 1993; MclIntosh et al.
1996; Or and Kimmel 2009; Steevens et al. 1999) or cortico-
hippocampal stimulation (Talpalar and Grossman 2005) may
have produced the CNS insult, in addition to the proposed
mechanism of rectified diffusion.
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Conclusions

Underwater sound transmissions with frequency and inten-
sity characteristics similar to those of active naval sonars and
diving navigation systems may induce neurological damage
during immersion and facilitate overt DCS. Our results indicate
a deleterious interaction between intense underwater sound
fields and the vital body systems of a small terrestrial mammal,
either directly or via inert gas bubble growth. This may
contribute to our understanding of the mass stranding of
cetaceans, purportedly associated with the deployment of naval
sonar, and may also have potential implications for human
diving safety.
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