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ABSTRACT

It is widely accepted that bubbles are a necessary but
insufficient condition for the development of decompression
sickness. However, open questions remain regarding the
precise formation and behavior of these bubbles after an
ambient pressure reduction (decompression), primarily
due to the inherent difficulty of directly observing this phe-
nomenon in vivo. In decompression research, information
about these bubbles after a decompression is gathered via
means of ultrasound acquisitions. The ability to draw conclu-
sions regarding decompression research using ultrasound is

highly influenced by the variability of the methodologies
and equipment utilized by different research groups. These
differences play a significant role in the quality of the data
and thus the interpretation of the results. The purpose of
this review is to provide a technical overview of the use of
ultrasound in decompression research, particularly Dop-
pler and brightness (B)-mode ultrasound. Further, we will
discuss the strengths and limitations of these technologies
and how new advancements are improving our ability to
understand bubble behavior post-decompression. 1

INTRODUCTION

Context

Decompression sickness (DCS) is a condition that arises
when decompression of the human body allows for
the formation of gas bubbles that lead to physiological
symptoms ranging from skin itching and neurological
problems to excruciating pain, coma and even death [1].
The rapid reduction in pressure resulting in DCS is seen
in altitude expeditions, space flight and extravehicular
activities, hyperbaric tunneling work, and scuba diving
[1-3].

The earliest evidence of in vivo decompression bubbles
was observed in 1670 by Robert Boyle, when a viper
placed in a vacuum chamber was observed to have bubbles
forming in its eye [4]. In 1878, Paul Bert found a con-
nection between DCS in caisson workers and bubble
formation [5]. This was later replicated in work by
Leonard Hill and JJR Macleod in the early 1900s, who
also observed bubbles in a frog’s web and bat’s wing [6].

Specific to scuba diving, divers breathe gas mixtures
delivered at ambient pressures throughout the dive. As
the diver descends in the water column, the ambient
pressure increases, resulting in larger partial pressures
for oxygen and inert gases that the diver breathes. Due
to the increased pressures the inert gases readily dissolve
into tissue until saturation. Once a diver ascends, the
pressure gradient reverses and the tissues “offgas”
This creates bubbles known as venous gas emboli (VGE)
when they enter the bloodstream and can be detected
using ultrasonography [1]. The formation and growth
of these bubbles is understood to be the cause of DCS
symptoms, either by direct interaction with tissues or a
cascade of biochemical events [1,7-9]. However, open
questions remain regarding the precise formation and
behavior of these bubbles after an ambient pressure
reduction (decompression), primarily due to the inherent
difficulty of directly observing this phenomenon in vivo
[10,11].
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Apart from ultrasound, several imaging modalities
have been used to study the formation of decompression
bubbles. Early studies into decompression in animals
utilized microscopy to observe bubbles in animal mod-
els following decompression and freeze-drying [12, 13].
Advancements have allowed for the use of fluorescence,
confocal and atomic force microscopy for the investi-
gation of simulated diving on isolated cells or arteries [14,
15]. Damaged spinal cord tissue due to decompression
has been investigated using transmission electron micro-
scopy [16]. Magnetic resonance imaging has been used
to detect lesions in bone marrow post-musculoskeletal
DCS [17,18]. Additionally, computed tomography (CT)
and positron emission tomography (PET) have been
investigated for the detection of VGE without indica-
tion of sensitivity [19].

Ultrasound Doppler and imaging offer a few notewor-
thy advantages compared to these imaging modalities.
First, ultrasound does not use ionizing radiation in-
herent to CT and PET, providing a safe way to measure
bubbles. Ultrasound monitoring is also capable of real-
time measurements, which is not possible with these
other modalities. Finally, ultrasound equipment is rela-
tively low-cost and highly portable, allowing for field
studies where measurements can be taken directly after
a dive (poolside or boat, for example). The relative ease
of ultrasound measurements allows for large collec-
tions of data that can be acquired at the study site and
recorded for (re-)analysis. Nevertheless, ultrasound im-
aging is more dependent on the operator’s acquisition
skills and, as will be reviewed subsequently, the physics
of bubble behavior under ultrasound need to be carefully
considered in interpreting the results.

The role of ultrasound in decompression research
Currently, the primary method to prevent DCS is to per-
form controlled ascents to allow slow offgassing without
significant formation of gas bubbles in tissue. This is
achieved by dictating slow ascent rates, with the addition
of decompression or safety stops if necessary, where
divers pause during their ascent and spend additional
time at predetermined depths. The decompression tables
and models that dictate these procedures are validated
primarily against DCS incidence, aiming to successfully
predict DCS risk statistically after a particular dive
exposure (profile).

Since DCS is a rare event, studying individual risk
factors for the disease is extremely difficult. Therefore,
statistical models of DCS risk for particular profiles or
models are used instead, calibrated and validated on
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a very large number of recorded dive profiles with known
outcomes regarding DCS.

In addition, ultrasound (US) monitoring has been used
in diving research to detect the VGE formed during de-
compression. These US-detected VGE are sometimes
used as a secondary means of validating statistical models
of DCS risk, where dive procedures or profiles that result
in higher incidence of VGE being observed post-dive
are also discarded. Ultrasound findings have repeatedly
shown that VGE are generated routinely in dives and
only sometimes result in DCS, while there is additional
evidence correlating increasing bubble presence with
greater risk for DCS [20-25]. Careful interpretation is
required since ultrasound finding do not provide a
linear correlation with DCS probability [25]. Moreover,
current technologies only allow detection of moving
bubbles within the bloodstream.

DCS risk and VGE occurrence are highly variable be-
tween individuals as well as within an individual who
performs the same dive profiles [26,27]. This variability
is currently unexplained with available DCS occurrence
data as well as VGE assessment using ultrasound.

Finally, assessment of preconditioning interventions
for DCS prevention such as oxygen prebreathing, full-
body vibration, antioxidant administration, and exercise
regimens have been investigated using bubble and oxi-
dative stress measurements [28].

In diving research, two types of ultrasound moni-
toring are primarily used: Doppler mode and B-mode
echocardiography. These methods can detect VGE that
are generated post-decompression. However, the infor-
mation they provide is different, and each has its own
advantages and disadvantages. Before addressing the two
modes of ultrasound data acquisition, we review some
ultrasound fundamentals in the next section.

Fundamental ultrasound principles

Medical ultrasound monitoring is based on the principle
of transmitting high-frequency acoustic pressure waves
into the body and detecting reflected (backscattered)
echoes from different materials it interacts with. Many
of the concepts discussed here are covered in detail in
both the Cobbold and Szabo textbooks on ultrasound
imaging [29,30].

In short, an ultrasound transducer is used to both
generate acoustic waves and detect backscattered signals.
Using piezoelectric elements of the transducer (typically
ceramics known as lead zirconate titanate or PZT), an
electrical signal can be used to generate mechanical
energy in the form of pressure waves which are then
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transducer

(pulsing)

Figure 1: Graphical representation of how propagating waves
(black lines) emitted by the transducer are reflected (blue lines)
by a scatterer (blue dot) with different acoustic impedance than

the surrounding medium back toward the US transducer.

transmitted in the body. The frequency of the wave is
known as the number of waves that occur within one
second and is measured in terms of Hertz (Hz). Typ-
ical ultrasound transducers for medical applications
are developed to transmit waves between 1-15 mega-
Hertz (MHz).
material being examined (the body) are then converted

The backscattered echoes from the

back into electrical signals which are recorded for gen-
erating images or detecting Doppler shifts (explained
in more detail in the following section).

Whenever an acoustic wave propagates through a
medium and meets another medium with a different
acoustic impedance, a portion of the energy continues
moving while a portion is reflected (Figure 1). After
the wave is generated by the elements of the transducer
it passes through matching layers designed to maximize
transmission until it reaches the body. Ultrasound cou-
pling gel is used to transmit the wave from the trans-
ducer into the tissue, which is mostly water. Larger
differences in acoustic impedances result in greater re-
flected energy back toward the source of the wave. By
detecting these pressure waves using an ultrasound
transducer, information regarding the position of these
materials as well as the motion of an object can be cal-
culated. For example, the acoustic impedance of tissue
or blood is approximately 3,000-4,000 times greater than
that of an air bubble, resulting in a large reflection that
is easily detected by an ultrasound system [31].

The energy generated by the ultrasound transducer
is attenuated primarily due to the viscous behavior of
the material as well as scattering and diffraction of the
wave. Acoustic attenuation is dependent on the material
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properties but is also a function of frequency and dis-
tance. Waves transmitted at a higher frequency lose
their energy more quickly than waves at lower frequen-
cies. However, the frequency affects the resolution of
the system, with higher frequencies allowing for higher
resolution due to a shorter wavelength. As such, a com-
promise must be made between having higher resolu-
tion or greater depth of penetration. This behavior can
be seen in Figure 2, where a calibration phantom (tissue
mimicking material) is imaged using two different fre-
quencies. In the phantom, scatterers are placed at varying
depths in a medium with a constant attenuation.

As acoustic energy is absorbed by the body tissues,
two main bioeffects can occur: heating and cavitation.
The thermal index (TI) is often displayed on clinical ul-
trasound imaging scanners and is the ratio between the
attenuated power at a region and the estimated power
necessary to raise the tissue’s temperature by 1 degree C.
Often, a device will display thermal indices of soft tis-
sue (TIS), bone (TIB) and cranial bone (TIC). Acoustic
cavitation is generation of new bubbles in tissue or the
acoustic driving of existing bubbles, with the latter case
traditionally separated between inertial and stable cavita-
tion. Stable cavitation is the cyclic oscillation of existing
microbubbles, typically induced by low amplitude ultra-
sound. Inertial cavitation is driven by high-amplitude
ultrasound and is characterized by large-magnitude mi-
crobubble oscillations that usually result in instability,
fragmentation and dissolution of the excited microbub-
bles. Cavitation can cause mechanical damage to tissues
at higher acoustic energies. A measure of how likely
acoustic cavitation will occur is the mechanical index
(MI), which is the peak negative pressure over the square
root of the frequency. In the United States, the Food and
Drug Administration requires that ultrasound scanners
maintain an MI below 1.9. Both the TT and MI limits have
been developed without accounting for bubbles that are
formed through decompression. As such, further studies
regarding the potential bioeffects of acoustic cavitation
of decompression bubbles is warranted, and it is highly
suggested that the ALARA principle (as low as reasonably
achievable) be applied when using ultrasound to study
VGE. The lowest possible MI and TI to achieve a reason-
able image/Doppler signal should be used [32].

One last ultrasound physics principle of relevance to
decompression bubble detection relates to the unique
behavior of bubbles under ultrasound. At low sonication
pressures, bubbles can produce non-linear responses if
they are insonified near their resonance frequency. This
contrasts with tissue that behaves mostly linearly under
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Figure 2: Illustration of frequency-dependent attenuation and resolution tradeoff. The same
calibration phantom (with identical scatterers every 1 cm in depth locations, shown in the leftmost
panel) can be seen in the two ultrasound images obtained using two different imaging frequencies

(5 MHz and 7 MHz) at the same pressure (600 kPa). Scatterers appear sharper in the higher-

frequency image. However, due to attenuation, scatterers below 3 cm cannot be detected in
the 7-MHz image, unlike the 5-MHz image which is able to detect the 4-cm scatterer.

low-pressure sonication conditions. This principle is used
in ultrasound contrast-enhanced vascular imaging, with
contrast agents being microbubbles around 1-10 pm in
diameter. The implications of this non-linear behavior
will be explored thereafter in ‘New developments’ In the
meantime, it is worth keeping in mind that for typical fre-
quencies used in cardiac ultrasound imaging (1-4 MHz),
the pressure of the signal received is therefore not nec-
essarily a direct measure of the size of the bubble it was
reflected from, especially if these bubbles are of the order
of a few micrometers. This non-linear behavior compli-
cates direct quantification of microbubble populations.

DOPPLER ULTRASOUND MONITORING

Principle

Doppler ultrasound relies on the detection of the Doppler
frequency shift, which is a change in an echo’s frequency
whenever it reflects off a moving target. Two different
tools can be used to measure the Doppler shift: contin-
uous wave (CW) and pulsed wave (PW). The former
method employs a continuous wave transmitted from a
US transducer and echoes are received at another trans-
ducer nearby. In comparison, the pulsed wave scheme

62

uses a single transducer which sends a pulse and listens
to the backscattered echoes, allowing for additional in-
formation regarding depth. The difference between the
transmitted and received frequencies is then used to
determine the velocity of the object. Additionally, this
frequency difference can be used as an auditory signal
due to the shift being within normal hearing range (i.e.,
100 Hz-10kHz) [33]. Whenever a bubble passes through
the acoustic field, a chirp-like sound is generated which
can be differentiated from blood flow and cardiac func-
tion. Therefore, any VGE detectable by Doppler is
moving in blood.

Assessment post-dive

The earliest use of diagnostic ultrasound for detecting
VGE was in 1968 by Spencer and Campbell [34]. The most
common Doppler monitoring site is in the precordium as
seen in Figure 3. This location is also considered the gold
standard since it allows for sampling of all the blood that
passes through the body [35]. Another site used is the
subclavian vein, which has been shown to have a stronger
association with DCS occurrence [36]. During the exam-
ination the subject can be measured during rest or with
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Figure 3: Example of precordial Doppler examination

movement, typically a deep knee bend. These conditions produce
different bubble signals, as movement might dislodge bubbles.

In 1974 Spencer and Johanson developed a grading scale
for Doppler detection of bubbles using the continuous-wave
(CW) Doppler’s auditory signal to categorize the degree of
bubble movement within a subject [37]. The Spencer code (Ta-
ble 1) defines five different grades ranging from no bubbles
detected to an obscuration of the cardiac signals.

Following the development of the Spencer code, Kisman and
Masurel defined their own method for grading bubble signals
in Doppler that is more quantitative and allowed for differen-
tiation between various properties of the bubble signals. This

Table 1
Grade Spencer Code
0 Complete lack of bubble signals
1 Occasional bubble signal discernable with the cardiac
motion signal, with majority of cardiac periods free
of bubbles
2 Many but less than half of the cardiac periods contain

bubble signals, singularly or in groups

3 All of the cardiac periods contain showers or single
bubble signals, but not dominating or overriding the
cardiac motion signals

4 Maximum detectable bubble signal sounding continuously
throughout systole and diastole of every cardiac period,
and overriding the amplitude of the normal cardiac signals

Spencer code for grading post-dive bubbles (adapted from [38])
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Kisman-Masurel (KM) code, shown in Table 2,
is separated into three parameter spaces: bub-
bles per cardiac cycle (frequency); percentage of
cardiac cycles with bubbles while at rest or
number of cardiac cycles with bubbles after a
motion; and amplitude of bubble sounds com-
pared to blood flow and cardiac motion [39].
The KM code can be converted into a Spencer
code score; however, the reverse is not possible
[38]. Kisman, Masurel and LaGrue further de-
veloped a new scoring method that integrates
ordinal bubble grades converted from the KM
code over four time points, providing an “index
of severity” [40]. This index was later renamed
to the Kisman Integrated Severity Score (KISS)
by Jankowski, et al. [41]. The formula for a KISS
score is given in equation 1. The KISS formula
was later generalized to be performed with any
number of time points instead of just four, as
seen in Equation 2. This method of bubble
grading allows for comparisons of decompres-
sion stress, defined here as Doppler-detectable
VGE, using parametric statistics.

An issue that arises with these rating systems
is the need for extensive training to produce
good inter-rater agreement and reduce varia-
bility. In a statistical analysis by Sawatzky and
Nishi (1991), a procedure to determine the
agreement between raters was developed to de-
termine whether a rater is sufficiently skilled
and whether their ratings are reliable, based
upon contingency tables and a weighted kappa
statistic [42]. The contingency table shows what
types of disagreements exist between two raters:
scatter, large errors, and bias. Upon determin-
ation of the type of disagreement seen, the
weighted kappa statistic can be applied, and if a
rater achieves a score that shows agreement with
well-trained raters, they can also be considered
skilled.

Considerations

Doppler ultrasound has found itself to be a main-
stay in diving research, primarily due to the low
cost and ease of data collection. Most of the re-
search using Doppler uses a continuous-wave
Doppler system due to the lower cost of equip-
ment as well as the increased sensitivity to bub-
ble signals since there is no depth compo-
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Table2
code bubbles per percentage of number of cardiac amplitude
cardiac cycle cardiac cycles cycles with bubbles
at rest with after motion
detectable bubbles
0 0 0% 0 no bubbles discernible
1 1-2 1-10% 1-2 barely perceptible
2 several, 3-8 10-50% 3-5 moderate amplitude
3 rolling drumbeat > 9 50-99% 6-10 loud
4 continuous sound 100% 10+ maximal
Kisman-Masurel code for grading post-dive bubbles (adapted from [38])
KISS = 100 *[(tz_tl) (dS+d ) +(t5-t) (d§+d ) +(t =t )(d§+dS)] (Eq. 1)
4% (t ;~t,) 2

Generalj_zed 100 . z,., l(ti+1_ti) (d:ql‘l' a¢ ) (Eq 2)
= iz
KIS~ 4w (r ) 5

... where t is the time of observation in minutes from surfacing, d is the resting precordial Doppler grade 0-4

observed at time ¢, and « is a constant accounting for the non-linearity of the bubble grading system.

nent. However, pulsed wave has value in providing
information where the signal is coming from with the
additional depth information. Neither system has a
large field of view, where only information directly
within the beam-width is obtained.

The aural feedback, however, requires a trained speci-
alist to interpret the corresponding grade for the bubble
signal. Both the Spencer and KM grading scales are sub-
jective to the interpreter of the signals; however, the KM
code does allow for more reproducible results due to
the greater distinction between different components of
bubble presence. Furthermore, the KM code allows for
means of comparing the agreement of raters to a higher
precision than possible with the Spencer code [42].

It should also be noted that a large body of Doppler
VGE recordings exists associated with dive profile DCS
incidence databases. This data would not be easy to repro-
duce with other ultrasound technologies due to the large
associated time, number of people and costs involved.
As such, this data remains useful despite advances in ul-
trasound technical capabilities due to the possibility of
relating it to DCS incidence directly. In this respect, hav-
ing computer-automated analysis software for this type
of recordings, such as proposed by Chappell and Payne
to remove user bias, is advantageous [43,44]. Addition-
ally, databases providing Doppler ultrasound of divers
are valuable in the development of these automated algo-
rithms, such as the one acquired by Pierleoni, et al. [45].
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BRIGHTNESS (B) MODE ULTRASOUND IMAGING
Principle

When ultrasound is pulsed and the backscattered echoes
are received at the transducer, a line of electrical data can
be recorded as a function of time. The intensities of this
line correspond to reflections of the pulsed acoustic wave
as it interacts with different materials. The line of voltage
versus time is called an amplitude line or A-line. If using
a single-element transducer, a B-mode image can be
generated by translating the transducer mechanically,
accumulating A-lines over a region of interest and per-
forming envelope detection. This method of mechanical
steering is one the earliest forms of ultrasound imaging
and has since been replaced by multi-element arrays.
By applying delays to when elements are transmitting,
focusing of the ultrasound wave as well as steering can
be achieved over an entire region without translating the
transducer. Applying delay-and-sum beamforming to
the received signal generates A-lines that can be assem-
bled into a B-mode image.

Interrogated materials that return a greater signal are
displayed as bright pixels, whereas low-backscatter media
are displayed as dark regions. In the human body,
blood has very low echogenicity due to its homogeneity
in acoustic impedance, whereas tissue and bone can be
seen as brighter regions, as shown in Figure 4.

A Dbenefit of array transducers is the ability to steer
beams in directions other than directly in front of the
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Figure 4: Example echocardiogram of diver showing VGE (circled in orange) in the venous chambers
where the valves are open. These are three consecutive frames from the same recording (30 frames
per second recording frame rate), showing the two bubbles visible on (a), superimposed in (b),
and appearing as a single bright spot in (c) where one might have moved out of plane.

transducer. This is commonly used in phased-array
which have the additional benefit of
having a small footprint allowing for imaging between

transducers,
ribs for echocardiography [29,30].

Assessment post-dive
In diving research, it is typical to use B-mode imaging
of the heart (echocardiography), where bubbles from
the venous system are pumped with blood through the
right heart chambers toward the lungs. Due to the
echogenicity of bubbles and their motion, they can be
identified in the echocardiogram as bright spots inside
the dark regions where blood is located.
Echocardiograms can be performed in two ways:
through the esophagus (transesophageal or TEE) or
through the abdomen/chest (transthoracic or TTE). In
TEE, a probe is passed down a person’s esophagus and
is located near the person’s heart. Due to this proximity
the image quality is good without much attenuation.
However, this procedure carries the potential risk of gas-
trointestinal tract injury, and sedation is often required,
making prolonged and repeated measurements unfeasi-
ble [46]. In contrast, TTE is typically performed below
or through the ribcage with a phased-array transducer,
showing all four chambers of the heart. This method has
been seen to be adequate for the detection of VGE due
to the high echogenicity of bubbles and is more com-
fortable for volunteers, allowing for longer studies with
more time points in comparison to TEE. Figure 5 shows
a TTE echocardiogram being performed on a volunteer.
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Figure 5: Example of transthoracic

echocardiography examination

TTE is typically performed to show all four chambers
of the heart. This is done to evaluate the blood volume
inside the right ventricle and atrium where venous blood
containing bubbles is moved to the lungs for filtration.
If bubbles are visible in the right chambers but not the
left, it can be determined that the bubbles are properly
filtered by the lungs and no shunting is occurring. Similar
to Doppler, measurements at rest and with knee bends
are also commonly used with B-mode echocardiography.

Assessment of bubbles in the heart using B-mode
echocardiography are evaluated semiquantitatively using
the Eftedal and Brubakk (EB) method first developed
in 1997. The EB grading scale was developed using six
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Table 3
Grade Eftedal and Brubakk

no bubbles
occasional bubbles
at least one bubble every four cycles

at least one bubble per cycle

BROwWw NN = O

continuous bubbling, at least one bubble
per square cm in all frames
5 “white-out,” where individual bubbles cannot

be discerned

Eftedal and Brubakk scale for grading post-dive
echocardiograms (adapted from [38])

grades ranging from no bubbles to white-out, which is
when the entire heart is filled with bubbles (Table 3). Ef-
tedal and Brubakk analyzed agreement between raters
and demonstrated that untrained raters for images
performed as well as partially trained Doppler raters,
suggesting greater ease in learning this method [47].

Studies into the interpretability of B-mode echocar-
diography have shown that increasing grades of bubble
presence has a strong correlation with the probability
of DCS [25]. The EB grade requires a trained rater and
is subject to variability between raters — and within the
same rater as well. To account for user bias and reduce
analysis time, computer automation of echocardiography
VGE analysis was first proposed by Parlak et al. [48,49].
More recently, bubble counting was proposed as a simple
method for increasing agreement between untrained
raters: The VGE are counted during a frame where the
tricuspid valves are open (and less likely to be misidenti-
fied as bubbles) for 10 consecutive heart cycles, and the
average taken as the bubble count for that recording [50].
The main drawback of this manual counting is that it
is time-consuming. However, tools for automating the
frame selection and bubble counting are being developed
[51-53]. The robustness of any computer-automated VGE
detection system ultimately requires a large set of labeled
data for training and validation. The main advantage of
the bubble-counting method is that it is easy to learn re-
liably even for previously untrained raters since bubbles
are counted only when the tricuspid valves are open, thus
avoiding misclassification of valves as VGE. It is therefore
possible to distribute this labeling task to many volun-
teers using this method, and a large collaborative effort
to build the necessary database is under way [54].
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A newer advancement in cardiac ultrasound imaging
is the use of tissue harmonic imaging (THI), which uses
higher-pressure waves to generate higher frequency
content in the tissue and the bubbles than what was
transmitted. Harmonic imaging receives data at these
higher harmonic frequencies (multiples of the trans-
mitted frequency) and suppresses the original transmit-
ted frequency signal. Since the acoustic signal used to
generate an image is generated within the medium there
is a reduction in reverberation artifacts, and the higher
pressure is typically useful for subjects with excess ad-
ipose tissue. The higher-frequency data generates a
higher-resolution image, resulting in increasing adoption
of this imaging mode. To date the only comparison
between THI and conventional B-mode imaging for
assessing VGE did not show any statistically significant
differences in EB grades [55].

Considerations
Like Doppler, B-mode ultrasound is not immune to
variability with regard to decompression bubble quan-
tification. Many devices are available on the market for
researchers to purchase, each with their own proprietary
implementations of image acquisition and processing.
Additionally, the transducer that is used will affect the
range of frequencies available and the field of view for
the image produced. The image quality is affected by
the frequency used. Lower frequencies allow for deeper
penetration, making it easier to image the heart, but
the resolution is decreased, impeding the ability to dif-
ferentiate between bubbles. In diving research, phased-
array transducers with a frequency range of 1-4 MHz
are typically used for transthoracic echocardiography.
Ultrasound machines have the ability to apply time
gain compensation (TGC), which increases the pixel
intensity depending on the depth within the image.
The purpose for this feature is to counteract reduced
intensities due to the attenuation of the ultrasound pres-
sure as it passes through tissue. In general, sonographers
change this value so that the image is uniform in bright-
ness over depth. However, if quantitative assessment of
bubble brightness is desired (for bubble sizing), the TGC
will affect the results. Additionally, if bubble signal is
weak, increasing the gain will improve the signal, but
electrical noise will be increased, concurrently resulting
in a “snow-like” appearance in dark regions. Thus, it is
generally recommended that TGC and gain be used to
produce a high-quality image where the tissue of the heart
can be seen with even brightness through depth without
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increasing noise substantially. Finally, many ultrasound
manufacturers provide speckle removal or additional
proprietary (black-box) visual enhancement of cardiac
tissue structures that have been developed without VGE
applications in mind, which may artificially suppress
those signals.

It is typically difficult to acquire echocardiograms due
to the necessity of imaging between the ribs. Also, with
patient movement, primarily from respiration, the heart
can move out of the imaging plane. Grading of echocar-
diograms can be easier than using the Spencer or KM
codes with Doppler since it is in a visual medium and the
grading scale is straightforward. Bubble-counting meth-
ods that try to further quantify bubble appearance can
be slow and tedious without any automation processes.

Furthermore, the importance of the measurement
protocol with respect to diving time has been estab-
lished [43,55]. The amount of bubbles quantified indeed
varies over time after the diver surfaces, and precisely
timing the measurements is therefore important for
comparing different procedures or investigating inter-
or intrapersonal differences in VGE. This variability
has been demonstrated with Doppler aural recordings
[56], as well as B-mode echocardiography analyzed
through both grading [57] and bubble-counting [26].
The time course for VGE growth and circulation is dy-
namic and as such, comparisons between different
studies should account for this behavior [26].

PRACTICAL CONSIDERATIONS

AND NEW DEVELOPMENTS

Even though Doppler ultrasound and B-mode echo-
cardiography are still in wide use today, there are some
limitations and challenges with these methods that need
to be addressed. Some of the major issues are: 1) de-
pendence on the operator collecting the data; 2) data
interpretation is rater-dependent and time-consuming;
3) time-series monitoring is inadequately sampled tem-
porally; and 4) these methods are only assessing moving
bubbles in blood and not useful for determining their
size. All of these points could influence physiological
interpretations.

Practical considerations

Although ultrasound is often used in diving research,
standardization is key to well-designed studies that allow
comparisons between different research groups. We refer
the reader to the consensus guidelines developed in 2016
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which detail practical considerations for decompression
study design using ultrasound imaging and remain the
current best practice [58]. The consensus guidelines for
the use of ultrasound for diving research was developed
in 2016 at the International Meeting on Ultrasound for
Diving Research and produced a standardized method
to design research protocols. In short, these guidelines
discuss 1) data acquisition methods, 2) methods to grade
the ultrasound data, 3) considerations for data interpre-
tation, and 4) best practices for maintaining/reporting
data. Without reproducing all details, some recommen-
dations from the guideline that should be emphasized
are that measurements should be conducted for at least
120 minutes from the completion of the decompres-
sion period and recorded at intervals of 20 minutes or
less [58]. This measurement schedule is required to ade-
quately sample the variable VGE formation and circu-
lation over time, which has been observed previously
[26,56,57]. As previously discussed, imaging settings
may influence bubble quantification; thus recording
and reporting these can be useful for data interpre-
tation. For this, we recommend including the ultra-
sound machine model, probe model, acquisition mode
used (e.g., “adult cardiac”) and settings (at a mini-
mum the operating frequency and MI). Of note is that
some systems have proprietary optional packages that
can despeckle/smooth cardiac images. We do not recom-
mend using these, as they are not developed with VGE
detection in mind and may influence VGE quantifica-
tion. We have also found it useful to perform a prelim-
inary VGE assessment at the point of acquisition because
ultrasound images are easier to interpret while probe
placement is known and can be adjusted in real time
to ensure best image quality. For this, the operator
records their preliminary assessment as either binary
bubble presence, or preliminary grade assessment for
experienced operators.

Hardware and software advancements

Since the early 2010s there have been technological
leaps in both the system hardware and image process-
ing for ultrasound imaging. Portable devices such as the
FujiFilm Sonosite iViz (Bothell, Washington) and the
GE Vscan (GE Healthcare, Chicago, Illinois) are all-in-
one systems that have both the ultrasound display and
transducers in one package. Additionally, new advances
in mobile phone technology has led to the Philips Lumify
(Andover, Massachusetts) and Butterfly IQ (Guilford,
Connecticut), which are transducers directly attached
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to a smartphone for image processing and display. The
Butterfly IQ has also implemented feedback systems that
aid in the acquisition of improved quality data without
extensive sonography experience. The Butterfly IQ also
uses capacitive micromachined ultrasound transducers
(CMUT) in place of piezoelectric crystal-based elements
[59]. This newer transducer technology has the advan-
tage of supporting a larger range of available frequencies
(bandwidth). In the case of the Butterfly IQ this allows
for a single probe to perform as a linear, curved and
phased-array transducer with different frequencies for
different imaging applications, including TTE with
customizable beam steering [60]. Although VGE have
been detected post dive using the Butterfly IQ (personal
author experience), VGE quantification using this sys-
tem has yet to be formally evaluated. The increased
portability of these new devices may make them more
attractive to researchers as well as divers. Develop-
ment of products such as the O-dive (Azoth Systems,
Ollioules, France), which is a subclavian Doppler
VGE device advising on dive profile modifications,
shows that there is increasing interest from the dive
community to personalize their own decompression.

Additionally, new transducers are being developed
to allow for dual-frequency imaging where a region
can be insonified at a lower pressure (1-3 MHz) and
high-frequency content can be recorded if super-
harmonics are generated (15-30 MHz) that can be
observed in lipid-shelled microbubbles used in clinical
diagnostic ultrasound imaging [61].

Finally, a limitation with conventional two-dimen-
sional imaging using one-dimensional arrays is that in-
formation is obtained only within the imaging plane,
which is the physical volume that the transducer can
image at one moment. However, decompression bubbles
are non-static and move throughout a larger region
than is normally scanned. As such, advances in three-
dimensional imaging are being made whereby the mech-
anical scanning of a 1-D array or the use of a 2-D array
allows for volumetric imaging in real time. This tech-
nology would allow for improved quantification of VGE
but will increase the need for automated methods of
analysis.

Bubble sizing

In diagnostic ultrasound imaging, contrast agents con-
sisting of encapsulated microbubbles are used to enhance
the contrast from within the vasculature, a technique
known as contrast-enhanced ultrasound (CEUS). Due
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to the large difference in acoustic impedance between
the gas in the bubbles and the surrounding medium,
there is a large reflection of the ultrasound back to the
transducer. Additionally, a bubble will oscillate when
insonified, where at positive pressures the bubble will
compress and negative pressures result in expansion.
Uneven expansion and contractions of the bubble
generates non-linear pressure waves from the bubbles
[62,63]. This non-linearity is not exhibited in tissue at
low mechanical indices less than 0.4 and can therefore
be leveraged to differentiate between bubbles and tissue.
Additionally, microbubble resonance is highly depen-
dent on its size. A bubble with a specific radius will have
a related “resonant frequency,” which is the frequency at
which the bubble generates the greatest acoustic signal
(maximal radius change under oscillations). However,
the frequency range of clinical transducers which could
potentially be used to detect microbubble harmonic
content corresponds only to bubbles less than 5um in
diameter [64]. Nevertheless, it is not possible to directly
relate microbubble contrast agent behavior to VGE due
to the lack of information on VGE size and composition.

Buckey, et al. (2005) developed a dual-frequency
system that allowed for the sizing of bubbles by finding
the frequency at which the bubbles return the greatest
signal. Bubbles are “pumped” or insonified continuously
using a lower frequency that allows them to resonate,
and a secondary pulse of a higher frequency is used to
image the volume. This is achieved by aligning multiple
transducers to a same small volume, so this technique
interrogated a “point” (small volume) where the setup
is positioned. Bubbles that are interrogated at their res-
onant frequency by the pump signal will return a signal
that has non-linear mixing of the low- and high-
frequency waveforms, meaning that the sum and dif-
ference of these two signals will be presented in the
frequency domain. By using the Fourier transform, the
frequency components of the signal can be extracted,
and the magnitude of theses sideband signals represents
the relationship between the pump frequency and the
bubble resonant frequency. Through finding the pump
frequency at which this magnitude is maximized, the
bubble radius can be determined [65]. This dual-fre-
quency approach has been demonstrated to be sensitive
to microbubbles below the theoretical limit of detec-
tion of B-mode and Doppler ultrasound. In particular,
Swan, et al. have shown that microbubbles in tissues are
detectable post-decompression in swine [66], and other
work has shown that microbubbles may be generated in
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the body even without changes in ambient pressure [67].

In addition to probing one small tissue region it is also
possible to leverage this microbubble non-linear behavior
to create images within tissues where microbubble signals
are localized in the plane of view of the transducer. Due
to the harmonic signal generated by microbubbles it is
possible to use techniques similar to tissue harmonic
imaging to quantify bubbles smaller than VGE in the
1- to 10-um diameter range. In tissue harmonic im-
aging, non-linear signals are generated by using a high
pressure to allow for the deformation of the propagating
wave in tissue. In microbubble-specific harmonic im-
aging, low pressures are maintained to prevent tissue
harmonics while microbubbles are still able to produce
non-linear signals. A common approach is to use multi-
pulse schemes such as pulse inversion, amplitude mod-
ulation, or a combination of the two. We have recently
demonstrated that this method allows for larger bubbles
to be suppressed within the ultrasound image due to
their linear resonant behavior, leaving mostly micro-
bubble signals in the final image [68]. A comparison of
the performance of different multi-pulse schemes for this
application is also under way in our laboratory [69]. In
a preliminary proof-of-principle experiment imaging
seven divers with a commercially available cardiac con-
trast-enhanced imaging mode, microbubbles were de-
tected post-dive even when no VGE were quantified on
B-mode, in both venous and arterial circulation, and
these followed a different time course than VGE [70].
We have also demonstrated that ultra-high frame rates
are necessary for optimizing microbubble quantification
with this technique since large bubble cancellation is
affected by bubble movement [71]. This can be mitigated
by the recent development of plane-wave cardiac CEUS
at more than 5,000 frames per second (fps), recently
shown feasible as an imaging method in humans for
the first time [72]. Instead of requiring multiple ultra-
sound transmissions to generate lines for an image,
a single plane-wave transmission can be used to gen-
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erate an image, increasing the possible frame rate
from ~30 fps in conventional scanners up to 10,000 fps
depending on the desired imaging depth.

These new imaging techniques open the door to in-
vestigating microbubble VGE precursors and potentially
provide a better understanding of decompression bubble
formation. They could also be used to directly assess
preconditioning effects on pre-existing microbubble
populations. An important consideration with all non-
linear methods for bubble detection is the fact that
they do not depend on bubble motion, and as such
decompression bubbles of resonant size can theoretic-
ally be detected. These techniques may provide the
ability to detect and visualize stationary bubbles in
tissue.

CONCLUSIONS

Ultrasound monitoring has been used for dive research
since the late 1960s. Due to the highly echogenic nature
of bubbles they are easily detected in the circulation by
using either Doppler or B-mode imaging. Both methods
have been well developed and provide semiquantitative
measures of bubble presence. However, there are still
issues that need to be addressed, such as the lingering
variability between raters and the discontinuous data-
gathering. Quantitative and continuous measurements
of bubbles are the next step in the development of ultra-
sound technologies for the study of decompression. As
new ultrasound devices are developed we should expect
to see an even wider use of ultrasound in diving research
as well as means to investigate bubbles in new ways.
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