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SUMMARY

The development of doppler {nstrumentatfon for non-invasive detection of
gas emboli moving through the arteries and veins {s traced from ft's beginning
{n 1967 through 1974. The design and construction of the IEM&P precordial
blood bubble detector §s described in detail. A comprehensive range of doppler
transducer types ls presented including many new designs for flow, velocity
and bubble detection.

The use of the doppler technique in the study and solution of decompres-
sion problems of divers is described. Resilts from the use of doppler blood
bubble detection include the following advances in diving safety, pathophysio-

logical knowledge, and improved instrumeatation for further advances.

General Principles and Susceptibility to Decompression Gas Emboli

1. Intravascular gas emboli are produced by excess inert gas in the
blood and tissues restlting from decompression after breathing
high pressure atmospheres. They are clearly det cted with the
Doppler Ultrasonic Blood Flowmeter, appearing as chirps, whistles,
and suaps on the audio output.

2. Decompression gas ewmboli {orm early in the veins and appear in
the systemic arteries only after severe violation of accepted
decompress{on schedules.

3. Vge forming in the periphery, develop flirst in specified local-
{zed areas without general distribution, collect in the small
peripheral veins or capillaries, and are extruded into the venous

return by local blood flow or compression of the tissues,
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10.

The Precordial ultrasonic blood bubble detector senses venous gas
cmboll (vge) which arrive from any pertpheral vein. It has the
advantage over any peripheral bubble detector, whether detecting
moving or static bubbles, in serving as a whole body monitor of
decompression vge, regardless of their reglonal source.

The direct decompression limits for man breathing hyperbaric air
has been experimentally established in objective terms of venous
gas emboli. These limits will be useful in testing the zdequacy
of any decompression model and serve as a guide for the develop-
ment of safer and more efficient decompression tables.

Vge are frequently produced in hyperbaric chamber exposures of
the U.S. Navy tables of exceptional exposure over 150 feet of

sea water pressure.

The "long pull" first step in decompression from 200 ft/30 minutes
exposures does not produce more verous gas emboli than a shorter
step utilized in the older Navy tables.

There is a reproducible susceptibility of certain individuals to
develop decompression vge, while others tend to be '"bubble resis-
tant". Among those susceptible individuals, there is a unique
regional sovrce which frequently produces the first detectable
bubbles.

It appears probable that diving trainees may be selected, at
least in part, on the basis of their susceptibility to vge after
hyperbaric exposures.

Theoretical and experimental evidence indicate: that excess nitro-
gen bubbles are not induced by 5 megahertz ultrasound applied at

10 milliwatts per square centimeter to the surface of the body.

SN O P
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Relationship of Venous Gas Emboli to Bends

Decompressiorn vge are detected ultrasonically before symptoms

of decompression {llness develop. Decompression {llness has
never been observed in our laboratory before detectable vgc

are found In the pulmonary artery or in peripheral veins.

The most frequent regional sources of vge are in the upper and
lower extremities. They develop in the venous return, downstream
to tissue regions where bends pain develops, They have not been
found to accompany skin bends peculiar to dry chamber exposures.
Those subjects prone to develop vge in chamber exposures are

the same subjects whom are more likely to develup bends following

The human brain and other body tissues can tolerate hundreds of

doppler detectable arterial gas emboli without producing ciinical

1.
2.
3.
open water exposures.
4,
signs or symptoms.
Treatment of VGE and Bends
1.

[ 25 ]

Vge signals are dissipated by recompression with or without oxygen

breathing, and may be used as a guide for adequate decompression

or oxygen therapy.
Oxygen therapy at 30 feet of sea-water pressure is highly effec-

tive in dissipating decompression vge and bends cauced by much

deeper exposures.

Open Water Findings

1.

It was established that precordial doppler blood bubble detec-
tion provides practical information to prevent bends in open-
ocean diving operations. Of special value is the advice to the

diver to avoid repet dives should any particular dive produce vge.

e —
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2.

A technique was found among Oahu sc:afood divers allowing thes
to shorten surface intervals coneiderably on repetitive dives,
vhich iaovolves their consistent use of the shallow wvater dive
as the fiial dive of the day.

In Maui black corsl divers, ve demonstrated that vigorous eser-
cise at depth reduces the regional propensity for vge in the
exercised arm.

Vge are detectable in asymptomatic breath-hold divers follow-

ing repeated and frequent excursions to 15 meters of water depth.

Special Animal Findings

1 L

Sheep have been established as a useful animal model for man in
studying blood bubble formation following hyperbaric exposures,
Vge, in sheep, may persist for 72 hours without signs of decom
pression illness.

Sheep studies indicate that nigrogen vge do pass the pulmonary
vasculature {f intravenous nitrogen is injected at a rate exceed-
ing 0.015 milliliter per kilogram per minute, and if the pulmonary
systolic pressure rises above 35 mm Hg.

Alr injected for 10 minutes at rates vhich do not produce arter-
ial gas emboli in sheep will be passed across the pulmonary vas-

culature upon compression to 100 feet sea-wvater pressure.

Instrusentation

1.

The doppler ultrasonic flowmeter and a variety of detectors has
been specially adapted to the detection of blood bubbles i'sing
transcutaneous, catheter tip, and surgicdlly i{mplanted cuffs.

Several schemes for counting doppler blood bubble signals have




been (nvecligated, {ncluding the phase lock loop, the [EMAP-Retd
Doppler Pluwmeter, as well as various band passed rerv crossing
techniques.

Unique instrumentation in hyperbaric facilities has been developed
over the course of these stud.es, including a method of calibrating
and evaluating decompression meters in the field.

A dual-lead lov capacitance radio frequency isolated through-hull
has been developed wvhich is {solated from the chamber shell.

We have devised and put into operation a rate-of-change indicator
to assure more constant and controlled rates of 'descent" and
"ascent' during hyperbaric chamber experiments.

A method of lighting hyperbaric chambers from external port-

focused lamps has been developed.



DOPPLER ULTRASONIC LETECTION OF VASCULAR CAS EMBOLI

A, HISTORY

Respiration in hyperbaric atmospheres requires protection from oxygen tox-
fcfty. This 18 conveniently provided by dilution of the oxygen with mixtures
vf "inert" gases. These inert gases, such as nitrogen and helium, are not con-
sumed by the body, but dissolve from the lungs into the blood and tissues with-
out hare {f partial pressures do not exceed narcotic levels. During decompres-
sion, when the pressure gradients of the gases are reversed, the inert gascs are
orone to evolve froms solution forming gas bubbles. It is generally agreed, since
first proposed by Bert and Haldane, that expansion of these bubbles and the in-
terruption of local circulation is the primary etiology of bends and decompres-
sion sickness.

Diagnostic devices are greatly needed which will detect the presence, size,
and number of both static and moving decompression bubbles. The doppler ultra-
sonic blood flowmeter represents a sensitive device to detect the presence of
moving intravascular gas emboli. I[ts usefulness rests primarily on {ts obiec-
tivity, simplicity of operation, its adaptability fur transcutaneous and non-
invasive detection and its reliability in detecting venous gas emboli (vge) before
development of decompression illness. As a research tool, the ultrasonic blood
flowmeter can be used to elucidate the events related to bubble nucleation, cir-
culation and dissipation. Special modifications that wake it a useful tool for
developing safe, efficient decompression proceuures, include the diagnosis and
treatment of bends and aeroembolism. It also possesses a potential, through wise

usage, in the prevention of bends and bone necrosis in divers and raisson workers,



The use of doppler ultrasound for bubble detection is an application of
the doppler ultrasonic blood flowmeter first proposed and demonutrated to be
useful for the cardio-vascular system by the Japaiese¢ worker, Satomura, (1957).
In the United States, this tectnique was introduced by Franklin, Schlegal and
Rushmer., (1961). In brief, it involves irradiating the body with high frequency
sound, nominally between 5 and 10 Megahertz, and receiving the reflected sig-
nals scattered from moving acoustical interfaces. When compared with the trans-
mitted frequency, the backscattered frequencies provide the different frequen-
cies which are in the audible range. As a blood flowmeter, the interfaces are
primarily blood cells and the received doppler shifted frequency spectrum {s
interprctable as the velority distribution of flow streams under the ultrasonic
beam. In the case of motions of the heart and vascular wvalls, the interfaces
are represented by the walls of the heart chambers and blood vessels.

During the course of early attempts to calibrate doppler flowmeters in
vitro, inclusion of micro bubbles in the blood, milk or other particulate
fluid produced annoying artifacts as they passed the transducer. The best
calibrations of doppler flowmeters are now produced by comparison with simul-
taner.cs electromagnetic blood flow recordings.

All surgical doppler flowmeters serve somewhat as blood bubble detectors,
but transcutaneous instruments possess several drawbacks. Among these is the
tendency of bubble signals to overload the electronic circuita. A wide dynamic
range incorporated in the IEM&P circuits circumvents this problem. Also, most
previously available doppler flowvmeters used very small crystal elements in
their transducers because larger crystals possessed low impedances which were
difficult to operate with simple electronic schemes. The IEM4P electronic cir-
ciuts have solved this impedance matching problem for large sized crystals and
gain the advantage of monitoring large blood vessels as well as small.

The ability to operate larger crystals with {mproved signal-to-noise ratios

~3



has materially {aproved the blood flow measur.ng abtlities of dopp'er ultranonicn,
Other doppler dblood flowmeter advances In this Institute have, by thelr asrtoci-
ation with the blood bubble detection problem, taken place more rapidly. These
fnclude single cryuntal operation; solution of the problem of varfation ot trans-
ducer frequency by use of plug-in crystal oscillators which also provide a more
stable frequency; the use of integrated circufta; a better understanding of trans-
ducer dynamics; and fmproved flow calibration testing by expert use of the square
wvave electromagnetic blood flowmeter.

The first use of the doppler ultrasonic flowmeter for objective detection
of circulating decompression gas emboli moving in the flow streams of the larger
arteries and veins was that of Spencer and Campbell, (1968). Gillis, Peterson,
and Kargianes, (1968,) following our lead, reported similar findings in swine.
Circulating gas emboli were also found at the time of open-heart surgery in the
cardio-pulmonary by-pass circuit and in the heart and carotid arteries after
closure; Spencer, Lawrence, et al, (1969). The first decompression investiga-
tions performed on sheep disclosed that decompression gas emboli were obliter-
ated by hyperbaric reccmpression, but arterial bubbles without adequate treat-
ment caused death following convulsions and unconsciousness. Venous gas emboli
(vge) signals are shown in Figure 1.

Early attempts to demonstrate venous gas emboli in human subjects, (Fig. 2)
on exposures and tables producing positive results in animals, were dissapoint-
ing, Spencer, Campbell, Sealey, et al, (1969). None were unequivocally detected
in the peripheral veins in the extremities and neck using transcutaneous detec-
tors, even though signs and symptoms ot decompression occurred. The first recog-
nized human decompression vge are now known to have been heard in 1968 on diving
instructor Spencer Campbell following decompression on the U.S. Navy tables of
exceptional exposures after 200 feet for 30 minutes. They were not clear-cut

chirps and whistles, and therefore were questioned at the time. Later results



DOPPLER VELOCITY SPECTRUM

FROM THE
INFERIOR  VENA CAVA

200' PRE ASCENT
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SHEEP-5/31/68

Fig. 1. Two and one-half second interval strips showing normal flow
and bubble signals in the vena cava of a sheep.

Fig. 2. Lindbergh and Campbell in 1968 listening over peripheral veins

for bubble signals using 10OMHz doppler unit.
q



have shown that the quality of loud clicks, such as heard vhen listening on
Campbell, are produced cither by large bubbles or by non-optimal positioning
of the transducer. A 60 degree angle with the blood vessel, rather than a
ore acute angle, allows the development of more easily recognized whistles
and chirps. The swecond {nstance of human blood bubble signals occurred in the
subject's right brachial vein, downstream to the upper-arm site. The signals
were produced after redness and pain were produced by a 15 minute excursion to
300 fcet and following decompression, according to the L.S. Navy Manual. After
the subject develcped a mild auscle pain and redness of the skin of the right
upper arm, the brachial vein was found to provide many gas embolic signals, while
the left arm was asymtomatic and ylelded no embolic signals, After recompression
to 60 fsw, the embolic signals entirely disappeared along with the pain and redness.
At this time, we fully realized the neceusity of developing a precordial
detection scheme b, ‘ich we could monitor all of the venous return within the
right ventricle or pulmonary artery. This would allow us to detect the earliest
developing gas bubbles immediately after their rele‘'se into the larger veins.
A suitable detector was designed by M.P. Spencer, and the large crystals in {t
were developed by Howard F. Clarke. Many other peripheral detectors and surgi-
cally implantable detectors have been developed in this laboratory as a part of

this and other Institute engineering programs.

10



8. THE PRECOKDIAL GAS EMBOLUS DETECTOR

The Transducer

The original Spencer FPrecordial Transducer, (Fig. 3) {n use since 1970,
consists of two Y inch square piczoelectric crystals separated 1.3 cm and til-
ted at a 13 degree angle so that the ultrasonic transmitter and receiver beams,
(Fig. 4) cross {n a region J to 7 centimeters distant.

The essential advanrtage of this transducer is that it covers a large tis-
sue volume at {ts focus, so that positioning is less critical and there {8 more
assurance that the vge, if present in the pulmonary blood, will be detected.
Since the directional properties of a plezoelectric crystal are the same when {t
is recelvl;;'eound as when {t is transmitting {t, this geometry defines a sensi-
tive region shaped as a rhomboid having a rectangular cross section. As the
scnsitive area for this transducer lies well below the surface, it eliminates many
large clutter signals from the motion of the outer wall of the heart and enhan-

ces the blood flow an” bubble signals in the right ventricle and pulmonary artery.

The Electronics

The original electronics used with this transducer, which, in subsequent
work, became known as the "model A", presented a number of drawbacks and diffi-
culties. The device was sensitive to lead length and had such serious tenden-
cles toward instability that {t could not be depended upon to remain tuned.
Moreover, the signal-to-noise ratio seemed to vary in a random manner. Under
United States Navy contract number NOOOl4-72-C-0095, these difficulties were
remedied. The first modified version of the original '"model A", incorporated a
redesigned transmitter, designated ''mcdel AB". A completely redesigned unit
called "model B'" fincorporated redesign of both transmitter and recefver.

Redesign of tie transmitter {n "model AB" consisted of replacing a single

1Nl



Fig. 3. Precordial doppler probe. Side view showing overall config-
uration and angle of crystal mounting to achieve 5ci focus.,

Fig. 4. Schlieren picture ot radiation pattern of deep 5 cm focus
of crystals.
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transintor (n the "model A" with a field etfect transistor oscillator which was
more ustable In frequency than the wingle transistor of the "model A". The buffer
saplificr following the onctillator presented a conswtant load to the oncillator,
and accommodated great varfations in the lead length of the transducer. Changes
in electrical characteristics caused by mechanical loading changes do uot affect
the redesigned transmitter which can, {n addition, be tuned easily and smoothly
across the frequency range of a varfety of tranuducers,

Redesign of the recelver produced "model B" (Figs. S & 6), and was aimed at
eliminat ing sensitivity to lead Jength and tuning instebilitv. It was concluded
that instability of the "model A" lay in the use o! handmade coils and use of a
regenerative receiver. Commercially available, individually shielded coils were
substituted for tuning in both transmitter and receiver. They are built to con-
fine the magnetic fleld of the coils to their ferrite cores and are well shielded.
The use of the coils has eliminated the regeneration and stabilized the receiver.

An cdditional feature of the redesign is the rmatching of the transducer, the
transmitter and the receiver to a value of 50 ohms, purely resistive. Since the

characteristic impedance of the majority of radio frequency transmission lines now

on the market i3 50 ohms, modern test equipment is more applicablz in construction,

maintenance and repair. Also, since standard coaxial leads have a 50 ohms char-
acteristic impedance, lead length 13 not a critical factor in practical use. Mat-
ching of impedancc¢s also improves the signal-to-noise ratio of the receiver and

increases the efficiency of the oscillator.

Matching the Ultrasonic Crystal I[mpedance

To accomplish the 50 ohm impedance advantages, we incorporated a bipolar
transistor in the grounded base configuration at the fnput of the recefver.
This transistor has an input {mpedance inversely proportional to the collector
current. An additional advantage in using the bipolar transistor {n this grounded

base configuration is that it provides the system with better high frequency char-

13
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Fig. 5. The completely assembled I.E.M.&P. Doppler ultrasonic
blood bubble detector ready for use.

Fig. 6. Interior of the Model "B" Doppler showing the electronics divided
by a copper ground plane. For purposes of shielding, the trans-
mitter and receiver are on opposite sides of the ground plane.

14




ncterintics than normally achieved tn the usual grounded emitter clrcuitn,

The wecond ntage §n a conventionn) resintance coupled amplifier, followed
by one stage of cascade which, in turn, is followed by an emitter follower buffer,
The recelver of the "model B, as a whole, haw less gain than tiwe "model A" rece-
fver, but gives better overall performance. Figure 7 represents the circuit of
the "model B" electronics. 1igure 8 represents an electrical wodel of a piezo-
clectric crystal.

To match the transducer to 50 ohus, we made use of a mathematical cut-and-
try procedure. After the probe {s constructed, the crystal's active frequency
{s determined by the dimple test procedure described further on in the text,.
The active values of impedance around the mechanically active point are measured
on a vector impedance meter and plotted in polar form, (Fig. 9). This gives
the impecdance in polar form:

2 =28

which is converted to the usual complex form:

Z =R+ Jux
We then empirically choose a small reactive element in series with the transducer
and another in parallel with this series combination, and calculate the resulting
impedance, (Fig. 10).

The reactances are addad one at a time. For example. if the transducer
impedance above measures 13 ohms with a phase angle of minus 10 degrees, this is
12.8 - §J2.26. Since it is desired to transform this to 50 ohms, this means a scep-
up circuit configuration is necessary, (Fig. 10). The inductance is added first,
{ts value being selected by experience. For example, let .5 microhenry be added;
this has an inductive reactance at 5 Megahertz of 15.7 obzs, so that when added to
the transducer crystal, the total series impedance is 12.8 ¢ j13.4y. If the admit-
tance of this be taken, it s 6 = .037 -J.C39. Since the ~}.039 can be cancelled
with a shunt capacitor, the resultiing series impedance will be 27 ohms. Since

this is the right direction, this confirms the correctness of this kind of network,
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Circuit diagram of the IEM&P Model B
precordial blood bubble detector.
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Fig. B8, Schematic djiagram of equivalent electrical
circuit representing a piezoelectric crystal.
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Fig. 9. Polar impedance plot of a piezoelectric crvstal. R =
radius, @ = the angle as measured from the axis, fl-l] =
frequencies at selected measurement points.
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but says a larger one should be used. Instead of the .5 microhenry inductor, let
a .75 microhenry inductor be placed in series with the crystal. This gives a
scerics fwpedance of 12,8 4 §21.3, or a shunt admittance of .0207 - §.0344, Since
the reciprocal of .0207 is 48.3, this will be a sufficiently close match. There
remains only to apply a shunt capicitor to cancel the admittance of §.0344, which
at five megahertz is .00] microfarads, leaving a transducer with a matching net-
work having at five megacycles an {nput impedance of 48.3 ohms of pure resistance.

If the real value of the transducer imp¢dance is too large, the procedure
is exactly the reverse: a capacitor is added in shunt with th2 transducer and
then a series inductor is used to follow it, (Fig. 11).

Although this method seems preponderous, it is, in practice, relatively
fast, and has the advantage of being able to accomodate almost any kind of im-
pedance transformation. Figure 12 illustrat:s a detector whose 50 ohms matching

network is incorporated on its backsidec.

The 'Dimple" Test for Resonant Frequency

The measurement of the mechanically active frequency of the transducer was
tried by several different methods. Originally, a method called the dimple test
was used, with the transducer in a dish of water. A simple version of the dimple
test was found difficult to use at the energy levels desired and there was some
uncertainty as to how trustworthy it was, (Fig. 13).

An {mprovement in the dimple test makes use of the fact that an ultrasonic
wave, striking an interface of different sonic characteristic impedances, exerts
a pressure on the interface. If the difference in the impedances {s such as to
give total reflection, the pressure upward from the bottom of a dish of water
towards the surface produces a slight elevation in the surface of the water.

The elevation, although very slight, is readily detected by looking at the re-

flection of a bright object in the surface. The reflection will be distorted
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at the point where the ultrasonic beam utrikes the surface, (Fig. 13),

In practice, the method was refined by the folloving procedure: the dish
of water was replaced by a suall aquarium with parallel plate glass sides. A
sheet of ruled (graph) paper, to make a grating, vas illiminated from behind with
a lamp, and the image of the paper was observed as it was reflected from the
vater surface, (Fig. 14). This procedure is improved consideradly by deeply
coloring the water so that the only image seen when looking at the esurface is the
grating reflection. The image of the ruled paper will display a distortion sim-
ilar to the "pin cushion distortion’ of a simple lens, (Fig. 15).

The visibility of the distorted pattern can be further enhanced by ampli-
tude wodulating the power fed to the transducer by a frequency of about ten cy-
cles; this produces waves which are easily detected at some distance from the

tank. (The pattern seen in Fig. 15 is viewed at a distance of three feet.)

Quality Control

In working with the doppler units, the need often arises to evaluate the
overall performance of one unit, as compared to another. The transmitter and
receiver can be evaluated by use of oscllloscopes, voltmeters and signal gener-
ators, but this fails to take into account the interaction of the transducer with
the electronics. It is desirable to have some method of comparing the overall
performance of the combined electronics and transducer, as compared to another
combinat fon of electronics and transducer.

For this purpose, a method was first tried using the dropping of water
onto the surface of a container, filled with water, in which was placed the
transducer with its crystals pointing toward the surface, (Fig. 16).

With the transducer {n the above position and the electronics turned on,
one hears, as might be expected, an extremely loud sound at each drop of water.
Layers of wet cloth are then successively laid over the transducer, It {s found

that the cloth acts as an attenuator on both the transmitted and received signals,

20
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Fig. 12. Variable focus doppler ultrasonic transducer

matched to 50 ohms. Matching network is
visible on the backside of the transducer.

Observer T

Fig. 13. Original version of resonant frequency test
incorporating energized probe in a small
dish of water with observation of water

surface (at an angle to the reflected light)
for maximum disturbance.
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Fig. 14. Improved dimple test using graph paper rulings projected
on the surface of the water.
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and as succennive layerns of cloth are added, a thickueus of cloth layers will
be uchieved where the signal fades out completely. The bent doppler unit iw
the one requiring the greatest number of layers of cloth to bring the signal
just to the point where 1t {8 lost in the recedver nofse., Difffculties are en-
countered with decay of the cloth, but over a short period of several days, one
may compare several unfits with this method.

A rather simple device, which eliminates the decay problem, may be made by
attaching a small speaker of the kind used in intercom units to the bottom of a
soft plastic jar. The jar is now filled with water, and the transducer is in-
serted facing downward toward the bottom of the jar, (Fig. 17).

If the speaker {a set in motion, the driving frequency will be heard (n
the receiver ocutput of the doppler unit, Because of standing waves of the five
megacycle frequency, the transducer may be moved only slightly, to maximize the
signal. Standing waves of the audio irequency driving the speaker are avoided
by driving the speaker with a swept frequency, so that standing waves at any one
frequency do not build up. With the doppler unit operating at full gain, the
voltage of the swept frequency driver is diminished until the swept frequency
is barely audible in the receive 1ujuc. The device seems to give repeatable
results, provided that the position of the transducer is maximized for the five
megacycle standing waves as explained above.

Since the characteristics of the speaker will remain constant, this type
of test apparatus does not give varying results with time as does the cloth
method which {s confronted with decay problems in the fabric. Further, sincc
one nominally selects a speaker driving frequency which best activates the
speaker in use, and since this will not change, a repeatable standard fis
available for testing the doppler units. The measurement itself is made by
decreasing the voltage to the speaker until the transducer i{s no longer able

to respond to it and all that remains {s recefver noise.
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Unage Technique for the Precordial Detector

Utilizing an acoustical coupling medium, the precordial sensor i applied
along the left miduternal border, (Figs. 18, 19 & 20). To locate this position,
a finger (s run along efther collar bone moving toward the center of the chest un-
til the finger rests in a notch at the midline. This {8 the suprasternal notch
of the sternum; at the lower (abdominal) end of the sternum {s a wide and long
(somewhat pliable) cartilaginous bone, the xiphoid process. By placing the finger
of one hand on the xiphoid process and a finger of the other hand in the supra-
sternal notch, the mid-point between the two fingers can be estimated and the probe
placed 1-2 inches to the left of this mid-point. The pulmonary artery and right
ventricle lie just behind this left midsternal area. Through this part of the heart,
all of the circulating blood flows on its way to the lungs. Any venous gas embol{
in the venous blood from any part of the body will eventually pass through the right
ventricle to the pulmonary artery, and therefore, must pass through the focal field
of the transducer. The optimum probe position may vary for each individual, but due
to the large crystals and their large focal volume, the positioning is not critical
within 2 inches of the left midsternum point described.

The major normal sounds heard at the left midsternum, vary from 4-5 in num-
ber for each heart cycle, but are repetitious and regular, (Fig. 21). For an
optimum position, move the probe around until a squeaking s und is heard as a
regular part of the normal sounds. This sound represents the closure of the pul-
monary valve. By exhaling and leaning forward in the upright position, the sounds
become louder. A superimposed swishing or "breezy' sound represents blood Ilow
ing under the transducer.

A bubble or gas embolus sound may ''chirp” with a singular quality very

much like the valve closure signal, but the valve sound is regular in {ts

t
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Fig. 18. Laboratory measurement of diver using
precordial doppler following chamber
exposure on experimental profile.
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occurrence, and (t's regularity will help to differentiate the two nignals,  Spo-
radic bubble emboll, when there are few passing the sensor, are lrregular in
timing and may occur at any point {n the heart cycle., (See "Interpretation of
Signals" for further details.) Users of the doppler are advised to listen to
muny different normal {ndividuals to both familizarize ond satiufy themselves
that they recognize the range of normal heart sounds. Such users will then be
better qualified to rc-ognize the earliest and smallest gas embol{ signals.
After recognition of clear precordial gas embolism signals, the user
mav wish to Ssubstitute various peripheral probes and listen to the peripheral
vessels to identify the region of bubble emissfon. With the peripheral probes,
one can monitor the jugular, brachial and femorul blood vessels, as well as

over the precordium.

Interpretation of the Precordial Signals

The Normal Precordial Signals. The left midsternal border i{s the preferred

location of the precordial transducer, because the middle third of the border {is
contacted dorsally by the wal. of the right ventricle, pulmonary conus and main
pulmonary artery, as well as the appendag. of the right atrium. Figure 21 {1llus-
trates typical "dopplergram" precordial signals from this site. Cforrelations with
the ECC wave form suggest these signals represent (P) contractirn of the right at-

rium, (S) closure of the tricuspid valve, (S') systolic blood ejection, (V) clo-

sure of the pulmonary valve, and (D) peak diastolic inflow through the tricuspid valve.

Bubble Signals. In order to demonstrate the sounds of venous gas emboli,

normal subjects may be administered 4 cc. of carbon dioxide by means of a sterile
syringe and small needle inserted into a peripheral arm or leg vein, Medical
supervision is advised, but no harm will result from embolization of small quan-

tities of gas to the lungs. Figure 22 illustrates a control "dopplergram”, as
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well an the blood tlow nignalu produced by the carbon diox{de as 1t passen boneath
the precurdial detector. The range of bubble wounds heard fnclude discrete nqueaks,
chirpu, clicks and more prolonged codarue sounds with large quantities of gan.

The quality of the ningle bubble sound (s dependent on the angle {tn pathway maken
with the ultrasonic beam. If the bubble passes perpendicular to the beam, a click
{s produced; {f it passes along the axts of the sound beam, it produces a chirping
or whistling quality. The higher the velocity of the bubble, the higher the fre-
quency or pitch of the chirp. Since the flow profile within a given blood vessel
is made up of many different velocfties, varying in time with the heart cycle

or body motions, a shower of bubble signals will appcear as a range of frequencies.
If hundreds or tuousands of bubble signals are superimpored, the signal will sound
like a loud roar, regardless of the angle of the sensor beam.

For precordial signals, a zero to four scale for estimating bubble quanti-
ties is recommended. The subject should be breathing quietly and otherwise
motionless in a sitting or supine position,

Zero - Is taken to indicate a complete lack of bubble signals.

Grade 1| - Indicates an occasional bubble signal discernable with the car-
diac motion signal with the great majority of cardiac periods free of bubbles.

Grade 2 - Is designated when many, but less than half, of the cardiac per-
iods contain bubble signals, singularly or in groups.

Grade } - Is designated when all of the cardiac perfods contain showers or
single bubble signals, but not dominating or overriding the cardiac motion signals.

Grade 4 -~ Is the maximum detectable bubble signal sounding continuously
throughout systole and diastole of every cardiac period, and overriding the amp-
litude of the normal cardfac signals.

Further details on {nierpretation and use of gas emboli signals during

decompression and in open heart surgery can be found in Section II--"A New Model
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C. FERIPHERAL DETECTORS

The first occurence of venous gas embolil (s most reliably monitored with
the precordial sensor because all venous return passes the right ventricle and
pulmonary artery. A bubble uignal) {8, however, usually more clearly separated
from the background blood flow signal in the peripheral blood vessels because
the cardiac motion signals often present a confusion facior. Peripheral detec-
tion of gas emboli is possible with special probes available for transcutaneous,
catheter tip or perivascular implantation. Figure 24 illustrates a variable
focus transducer whose depth of sensitivity can be varied by means of a hinge
to listen to both deep or superficial blood vessels; also useful for very deep,
as well as superficial vessels, is the single crystal detector shown in Figure
23. 1t {8 operated at 2.5 MHz for greater penetration, as well as to drive {ts
one inch square crystal, which provides an exceptionally broad beam. A balanced
bridge completion coupler is placed between the transducer and the electronics,
similar to that used with the catheter tip detector described later.

Shallow focus 10 MHz transcutaneous detectors are illustrated in Figures
25 and 36. The depth to which one wishes to probe may determine the ultrasonic
frequency and power required for driving the transmitter crystal.

Figures 27 and 28 [llustrate the geometric and ultrasonic features of a
dual crystal 5 MHz probe focused to 1.5 mm diameter at a depth of 2-4 cm by
means of an epoxy lens, This design works very well to monitor a small volume
of blood at the focus depth. For more general use over peripheral arteries and
veins, a broader beam is more likely to intercept blood gas emboli. Such a det-
ector is {llustrated in Figure 29. It presents a geometry with 3/8" diameter
crystals that represent a useful compromise between beam diameter and overall
shape. It can be effectively used for precordial monitoring (Fig. 31), as well

as for peripheral arteries and veins, (Fig. 32). The center focus {s .5 cm.



Fig. 23. Extremely large single 1 inch square crystal
doppler flow sensor allowing detection of
the deep vessels, vena cava and aorta.
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Fig. 245 Dual crystal hinged doppler flow rensor
offers a wide range of focusing angles
for varied depth of detection,.
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Fig. 25. Flat shallow-focus, dual crystal sensor for transcutaneous
detection of blood velocity and gas emboli.
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Fig. 26. Pencil shaped shallow-focus sensor for transcutaneous use,
10MHz crystals. (Parks Electronics)
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Fig. 27. Peripheral doppler probe dual-crystal lens focussing, end view.

* 2 3 4- 5 6 T 8

Fig. 28. Schlieren photo of focussing characteristics of epoxy lens probe.
g _ g POXY I
Upper and lower sections are produced by turning the probe on its

3h



The shape of the transducer, insofar as whether it {s flat or pencil-like, in
governed by mpccial application features, such as whether {t {s to be used
under a wet suit or hand held.

The peripheral monitoring sites moat useful for regional localizattion of
embolic signals are {llustrated in Figure 30. When listening over the peripheral
veins, the sensor should be tilted to approximately 45 degrees with the skin
surface in order to achieve the more recognizable chirping quality of the bub-
ble signals, (Fig. 32). The peripheral vein sound:z may be separated from the
arterial, highly pulsatile signal by first locating the artery and then slightly
sliding the sensor to the me.ial side of the artery where the quieter, more
continuous and breezy sound of the venous blood flow can be heard.

Experience to date indicates that the most frequent sources of decom-
pression bubbles are the upper and lower extremities. One optimal sequence of
listening sites is precordial, innominate-jugular, subclavian, bra-hial and
femoral. Several maneuvers are useful to confirm both the presence and regional
source of decompression emboli. With the subject relatively immobile in a stan-
ding, sitting, or reclining position, and while listening to the precordial or
peripheral signals, ask the subject to clench one fist slowly. If the bubbles
are arising from the same hand, or arm, a shower of bubbles will be heard at
the brachial, innominate or left sternal border sites, (Figs. 31-32). If the
entire arm is raised above shoulder height, or if the straightened leg is pas-
sively raised, a similar response will confirm the raised extremity as a source
of gas emboli. Passive compression by the observer is an additional method of
regional localization of gas nucleation and can narrow the source down to tissues

of the upper or lower leg, foot. upper or lower arm, hand, or tc the abdominal

/
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Fig. 29. Three-eights inch diameter beam dual-crysital focussing probe
for combined monitoring of peripheral and precordial sites.
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Fig. 30. Preferred monitoring sites for regional localization of venous
gas emboli. J = Jugular vein, I = Junction of Jugular and Sub-
clavian veins, B = Brachial vein, P = Precordial monitoring site.
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D. SURCICAL DETECTORS

Surgical {mplantation of ultrasonic doppler flowmeter cuffus allow the in-
vestigator to measure not only the blood flow ir a veln or artery, but to detect
the earliest possible occurrence and/or number of gas emboli which may be pasaing
through the flow strcam under study. Both animal and human applications require
a variety of perivascular cuffs which meet various anatomical requirements. The
original type of perivascular cuff, {llustrated in Figure 33, Is c;umercially
available. It consists of two styrofoam hemicylinders hinged on one side, and
ie provided with an umbilical tape to tie it in position around the vessel. In {its
final placement, the crystals are oriented at 60 degree angles with the flow stream,
each facing thc same volume of blood enclosed by the cuff. For the most accurate
results, {t is desirable that the crystal be of sufficient width so that the entire
blood flow stream across a section of the blood vessel be flooded by the ultrasonic
beam.

A variation developed by this investigation team is illustrated in Figure
34, and consists of placement of the two crystals side by side, oriented in a styro-
foam cup, such that they both view the same volume of blood across the vessel
over a longer cross sectional slice of the vessel. The cups are applied to only
one side of the vessel and an umbilical tape passing from the cup around the oppo-
site side of the vessel holds {t {n place. This particular design is especially
useful for easy application where minimal dissection on the back side of the
blood vessel 1is necessary.

For extracorporeal blood circuits, we have utilized a stainless steel con-
nector with dual crystals mounted on a flat outside surface. The presence of

bubbles is detected by a change in signals usually consisting of sharp clicks

that occur as they pass.
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Fig. 33. Standard surgically implantable perivascular cuff to fit a 2
centimeter o.d. blood vessel. The crystal diameter is insuffi-
cient to flood the entire cross section. (Parks Electronics)

cM |
- ~ m e » e ~
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Fig. 34. The Spencer hemicup allows easy placement by passing the stay
suture around the cuff and vessel. Long rectangular crystals
provide greater flooding of the entire flow stream diameter.

4C




Catheter-tip detectors designed for blood veloctity flow meanurements are
convenfent to detect blood bubbles. When inscerted {nto large arteries or
velins, some bubblesw may pass undetected past the same transducer. It {s for
this reason that they become local velocity detectors when they do not monitor
the entire flow cross section. Significant numbers of bubbles will not, however,
pass undetccted because the sensitivity of doppler detection for blood bubbles
extends beyond its blood velocity range. A single blood bubble normally pro-
duces a doppler signal 16 db above the background blood flow signal. The fall-
off of sensitivity with distance is on the order of 5db/cm; therefore, blood
bubbles may be heard 3 cm further distant than the same blood flow signal pro-
duced by the red cells. Figure 35 illustrates a single crystal catheter-tip
device with it's bridge completion circuit card.

To operate any or all of the transducers described in this report as
blood bubble or blood flow detectors, Reid and Davis, et al, (1974) have, at
this institute, developed a CW directional doppler flowmeter. It is a very
compact unit (Fig. 35), and operates any single or dual crystal transducer

from 2-10 MHz by use of plug-in control crystals and bridge completion cards.

e M et o e M et mn
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Fig. 35. Single crystal catheter-tip doppler flow sensor
matched bridge completion circuit card.
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A NEW MODEL FOR BODY TOLERANCE TO EXCLSS INERT GAS

Presently used models for d¢ umpression tables were developed on an elab-
oration of principles laid down by Haldane. A series of theoretical tisnue com-
partments defined by !4 times to saturation are each considered to have their al-
lowable supersaturation tolerance, the so-called M values. These M values are
tested by exposing a subject to hyperbaric respiration and a decompressfon sched-
ule which {8 calculated to not exceed estimated safe limits and adjusted in a
more conservative direction {f bends develop. Based on experfence, difficulty
arises in improving the model because the investigator must guess which theo-

retical compartment is to blame when he makes his adjustment.

A. METHODS

The model developed by this project is based on a time-pressure approach to
the whole body's reaction to excess nitrogen in the tissues using the objective
"prebends" endpoint of venous gas emboli (vge) ultrasonic signals. The model de-
scribes the naximum pressure allowable for all practical exposure durations from
which the subject is decompressed. '"Allowable" 1s defined as the time-pressure
limit which produces nonsymptomatic vge detectable with the IEM&P precordial blood
bubble detector. 'Directly" decompressed is defined as return to 1 ata at the
rate of 60 feet per minute without staged decompression steps. The term Direct-
Decompression (D-D) is used here to be a more appropriate cerm for what the Navy
calls No-Decompression (No-D). Our decompression model can be experimentally
developed by the "black box" concept of presenting the body with a square-wave

{nput signal ( a pulse input of known pressure for a known period of time) and ob-

serving the output (the occurrence of detectable precordial gas embolf signals).
Once varfous output responses are determined for a range of s mple input exposures,
13
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they are plotted on graph paper, and a family of so-{ncidence curves are drawn
through points representing the name percentage {ncidence of vge,

The experimental foput exposures were choser, on Che basis of finding and
delineating the gradient between no vge and no bends, and 1002 vee and 1007 hends,
The prenently recommended USN No-D table and theoretical predictions, based on
the N2 elimination work of Behnke, were used as predictors of the locus of that
gradient. Behnke measured the cumulative nitrogen eliminatton of normal sub-
s2cts breathing oxygen at one atmosphere, (Fig. 37). If {t {# assumed that sat-
uration of the body fnllows the same time constants under {ncreasced PNZ' one can
predict the contour of the excess N2 D-D limits and decompressfon table. After
beginning a given hyperbaric exposure at tO' being y” saturated at time ty is
equivalent to being 100% saturated at yX of the hyperbaric pressure. For example,
(Fig. 137) i{f a 2:1 overall excess N2 ratio is considered allowable, a diver can
immediately decompress after 29 minutes exposure to 4 ata because being 502 sat-
urated, he can tolerate a 507 (2:1) reduction in ambient pressure, Likewise, he
is safe to decompress after 8 minutes at 8 ata because his equivalent saturation
iz 100% at 2 ata. For other allowable excess N2 ratios, Figure 37 provides a
simple graphic method of finding the D-D limits. The etfect of using alternate
excess N ratios is to shift the limits on the pressure axis, but the general
contour remains determined by the contour of the N2 elimination curve,

Other predictors of the shape and position of the D-D erxposure model in-
clude the USN recommendations for no-decompression, (Fig. 38). The experimental
dati of Hawkins, et al (1935), Behnke (.955), and Albano (1960) is shown in Fig-
are 39; and experimental animal data of Gillis (1971), Smith (1970), and Hemple-
man (19631), is shown in Figure 40. Though all of this data was based on the
development of bends as an endpoint, it indicates severe limits which must not be
used if a zero bends incidence is to be required.  The most extensive data of

g

Hemplemin's goats indicates the D=D limits follow @ countour parallel to the ')
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climination predicted limitn.

We developed our decoapression model by defining the D-D limits using ven-
ous gas emboli (vge) signals as an objective endpoint, concentrating on threc
widely spaced sets of data. Only three sets of data appeared to be required
because the theoretical limits predicted from N2 elimination were well deuw-
cribed by a circle contour when plotted on log-log coordinates,

Experimental determination of our decompression model by the input-output
vge mwthod was carried out by testing human subjects in the three widely
spaced cxposures around 30 ft/720 minutes, 70 ft/S0 minutes, and 233 ft/7
minutes.

Eightecn expert scuba divers, resfiding in the Seattle area, ranging in
age from 21 to 137 years (Table 1) volunteered for the study. These experi-
mental divers, including three full time instructors, frequently perform scuba
dives in the waters of the Puget Sound area. Progressive results, as they werc
obtained, modified and directed our choice of subsequent exposures. In each
of the exposures the subjects were resting quietly in a sitting or semi-recunm-
bant position throughout the exposure.

Immediately before, and for 1 to 5 hours after decompression, the
divers were monilored with the precordial blood bubble detector for the
presence of vge. The pre-dive recordings gave a baseline with which to com-
pare the post-dive recordings and also made certain that all the divers were
bubble-free prior to compression. None of the subjects had been diving within
24 hours of the experiments. Post-exposure precordial recordings were made
at S5, 10, 15, 20, 30, 40, and 60 minute intervals during the first hour and
at ;) minute intervals during a subsequent 60-300 minute period. This sequence
was fellowed for 60 minutes if doppler ultrasonic signals of vge were not detec-

ted over the precordium.,  Longer monfteor periods were used when vge developed,



The precordtal transducer was positioned, as {llustrated {n Figures 18, 19
and 20, along the miduternal border., Its focus {ncludes the right atrial appen-
dage, the right ventricular outflow tract, the pulmonary valve, and the pulmon-
ary artery. Optiwum positioning is confirmed by locating the closure sound of
the pulwmonary valve which has a chirping quality similar to some vge signals,
but does, of course, occur regularly at the end of systole. All vge signals
were recorded on magnetic tape along with voice notations. The tapes were later
replayed for confirmation and documertation of vge signals. If, during the mon-
{toring, precordial vge were detected, the divers were then asked to flex the
limbs~-one at a time--while monitoring continued. Bursts of vge signals from
bubbles, thus dislodged, gave a more specific idea as to the regional source
of the vge. A 5 MHz shallow-focusing doppler probe was then substituted for the
precordial probe and a search was made over left and right femoral, brachial,
and jugular veins. Later refinement of the technique resulted in addition of
the innominate veins (Fig. 30) as a key peripheral listening site using a new
3.5 cm focal length 5 MHz flooding probe, (Fig. 29). When monitoring the per-
ipheral veins, manual compression of the upstream tissues of the limb or neck
identified the regional source of vge. The arteries were also monitored for
possible arterial bubble signals. No arterial vge signals were detected in any
of these subjects.

We recorded the time of first occurrence of the bubble signals following
decompression and an estimate of their duration, as well as a graded i{ndication
of their quantity along with the absence or presence and severity of any symptoms
ot decompression sickness. The grading system for the venous return bubbling
rate heard over the right heart consisted of a five point scale: Zero--is taken
to indicate a complete lack of bubble signals; Crade one--indicates an occasional
bubble discernable within the cardiac motion signal and with the majority of the

cardiac periods free of signals; Grade two--is designated when many, but less

18
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than half, of the cardiac cvcles contain bubble signale; GCrade three--is desig-
nated when most of the cardiac perf{ods contain bubble signals, but not overriding
the cardiac motion signals; Crade four--is the maximum detectable bubble stgnal,
heard continuously throughout systole and diastole of every cardiac period and
overriding the amplitude of the cardiac motion signals.

Subjects were recompressed for therapy if bubbles occurred in more than
grade three quantitites, or if bends pain developed. Recompression treatment in
the 30 foot dives was to 60 feet on the U.S. Navy treatment. For the remaining
dives, recompression treatment wvas for 1 hour at 30 fswv with the subject breathing
1002 02. In most cases, where bubbles were heard in grade one or early grade

tvo quantities, the subject breathed 100X oxygen at 1 atmospherc until the bubble

signals diminished or disappeared.
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B. RESULTS

Chamber Exposurcs

Our laboratory results are plotted in Figure 4); the attendant percentage
of vge occurrence as well as the percentage of bends occurrence among the ex-
perimental divers {8 given besfide each of the exposures. In addition, a per-
centage-weighted profile average for each of those exposure groupings is given
beside each of the exposures. (Table I gives further details.) At the 150/15
exposure (5.6 ata) a 501 bubbles rate and 252 bends rate corresponds roughly to
the predicted 2:1 limit. The results at the 30 foot (1.9 ata) exposure, however,
indicates that selection of a lower supersaturation ratio would be necessary to
produce 502 bubbles. This finding i{s at variance with the presently accepted
concept that 30 feet (13.3 psig, 1.9 ata) is a safe No-D exposurc for any period
of time since we found a coincident 25% bends rate after 12 hours.* Three data
points, from the three ata groupings (averaging the 3.12, 5.54, and 7.96 ata
profiles), indicate that the D-D lines of iso-embolic occurrence follow a log-log
curvature slightly less convex than that indicated by the nitrogen elimination
data limits.

Results of this black-box method of determining the direct decompression
limits for hyperbaric exposure on air from one atmosphere surface saturation
has shown that, indeed, the limits are described by a curve when plotted on log-
log paper rather than a straight line suggested by the USN No-D limits, The

incidence of bends also followed the same curvilinear contour, but at higher

pressure-time products.

*At press time we are currently exploring a 25 ft/12 hrs. expasure. Initial
results on nine exposures has resulted in a 447 bubbles rate and 117 bends rate.
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Open Water Trials
Fifty-twvo open-water scuba dives were performed in the 50 degree waters of
Puget Sound. Thene were training dives on begloners, and ranged from 110 feut
to 30 feet with 15 to 70 minute bottom times. All diven were less than thone
prescribed by the U.S. Navy No-D limits except for three dlves, two of which
were at 70 feet for 50 minutes, and the other at B0 feet for 40 minutes. In
none of the divers were venous gas emboll detected fmmediately upon surfacing.
However, (n some repetitive dives following an initial concervative dive, venous
gas emboll were detected. One especially interesting exposure, on expert diver
Spencer Cappbell, was 80 ft/40 minutes which produced no vge, but [f performed
in the dry chambers would surcly have produced some vge in this subject. Addi-
tional open water conditions, not present in the chamber, including involved
psycnological conditioiing of open-water submergence, cold and exercise, were
of course, present. ‘e uptake and elimination of N2 i{s undoubtedly altered by
these conditions. (Additional open-water experience with vge detection {s des-

cribed in other sections of this report.)

The Long Pull

"'
The present USN 200 ft. Exceptional Exposure tables call for the first de-

compression stop at a depth of 40 fsw (tor a 30 minute bottom time) while the

1935 tables require this first stop at 70 fsw. The older tables also brought

the diver to the surface six minutes sooner than does the present Navy tables.

Initial decompression to 70 fuw represents a change of 552 of the total pres-

sure at depth; decompression to fsw represents a 692 total pressure change.

Though the percentage difference does not appear to be substantial, it must be
remembered that the increase of volume, per unit decrecase In pressure, results

fn an exponentiallv increasing spherical or cvlindrical diameter. (Compounding

this effect is the constantly increasing volume of free gas available as the

surface (1 ata) pressure is approximated.



Many have suggented that the newer tables, while admittedly bringing the
diver cloder to the surface and therefore (noa wafer position, are producing
bubbles by the (nitial "long pull" which are then fn ctfect "treated” by the
extended decompression,  (The older tables removed the diver 10%Z sooner than
the new tables.)

Our findings do not agree with this suggestion. Rather than producing bub-
bles, we found the newer tables produced far fewer bubbles. We compared the two
Navy profiles of 200/30 on two individuals on a four dive series. The new tables
produced grade 1 and 3 bubbles {n one diver (M.P.) and grades 1 and 2 bubbles
in the other diver (M.R.) on two subsequent exposures. On the same two subjects,
the older tables produced, in one diver (M.P.), grade 3 precordial bubbles on

one exposure requiring 180 minutes surface 1002 0O_ respiration to dissipate and

2

grade 3 bubbles on the other exposure, traceable to the left external jugular

vein and treated by 60 minutes 100X O, respiration at 60 fsw. The other diver

2
(M.R.) exhibited grade 3 and grade 2 bubbles respectively on tite same dives.

Bubble Proneness

Table I, whichi gives the results of the chamber experimental dive, is arranged

according to decrceasiny order of proncness of the individual divers to form vge.
It is clear from this data that two of the expcrimental divers consistently
formed venous gas emboli on nearly every experimental "dive", while other members
0o? the group tended to be both bhends and bubbles resistant. On those divers, who
frequently and most consistently bubble, there was a clear tendency towards bub-
bles being elicited from a general body area. Owing to improved methods in iso-
lating the specific peripheral vessels {n which bubbles are detected, it can be
shown that the most commonly occurring bisbble locations are the tissue beds
drained by the femoral and subclavian veins. We were not suprised to find a

difference {n occurrence of bubbles between divers on the same dive, but we were
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suprised to note the connintency with which cach diver tended to form bubbles
on any border line exponurve located on the Halts gradient. As seen from Table
[4, all vge that were reglonally locallzed came from the extrem{tics with the
exception of two divers, once in whom they were thought to come ‘rom somewnere
within the chest or abdomen, and the other in whom they were localized coming
from the left external jugular. On a few occasfons, we have been unable to de-
tect peripheral bubbles even though precordial bubbles were much (n evidence.

In no {nstance have we detected arterial embold.

Arterial Passage of Air Emboli

In the ccurse of working -ith decompression related problems, the question
has cften been raised as to whether or not recompression of a bent (i.e, bub-
bling) diver might possibly worsen the pathological condition already present
by pushing the venous gas emboli{ across the pulmonary circuit and into the
arterial system.

In an attempt to address this question, we catheterized six sheep (besert
E-Z CATH 16 gauge, 18 inches) and injected 50 cc. of air (5 cc./minute for 10
minutes) into the right heart. Confirmation of the air passage through the
right heart was achieved via transcutaneous doppler ultrasound precordial mon-
ftoring. Subsequent to the 50 cc. air injection, the animals were compressed
at 60 ft/minute to a depth of 165 fsw for 9 minutes bottom time, and then decom-
pressed, agaisn at 60 ft/minute, to the surface with decompression stops for 2
minutes at 20 fsw and 8 minutes at 10 fsw. Decompression was decided upon to
definitely eliminate the possibility of decompression vge occurring.

Continuous monitoring of al) animals was made utilizing perivascular cuffs
(Fig. 313), surgically placed around an artery and {ts conjugate vein, with

percutaneous leads connected to the TEMSP throuph-huil,  The electronics

*The 150 foot for 10 minutes and the 200 foot for 7 minutes dives were pre-
liminary experimental tests for conservatism betore testing the 150 ft/15 minute
exposure because it exceeded the presently accepted No-D limits.

-
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(Fig. 36), were malntained outside the chamber throughout the procedure,

The paired veasels monftored for this experinent were either the carotid
artery and jugular vein or the renal artery and renal veln,  In the experfments
with renal observation, the palred vesaels were cncapsulated within a single
cuff.

Controls were run on all animals prior to and throughout the entire afr
fnjection period. Although precordial bubbles were detectable fn great quan-
tities (grade 3 & 4) during the air injection procedure, no arterfal bubbles were
ever detected during this same period. During the compression mode of the ex-
periment, the arterial transducers were monitored continuously with an oscillo-
scope, on a paper recording strip chart, and with simultaneous recording on
magnetic tape, providing instantaneous playback over audio speakers. No art-
erial bubbles were ever heard or recorded during the compression phase at depths
shallower than 100 fsw. Arterial bubbles, however, were heard in cvery exper-
iment (often at grade 3 levels) once the 100 fsw depth had been reached. The
earliest detectable arterial bubbles occurred at depths as shallow as 105 fsw,
On no occasion during the entire bottom time while we were detecting arterial
bubbles did we detect any venous bubbles. In almost every instance, arterial
bubble detection ceased within eight minutes bottom time.

Upon decompression from depth, arterial bubbles were again detected on
occasfon, suggesting that very small bubbles tend to hang up in the vasculature,
only to be freed when reduced pressure--allowing for increase in size--provides
the momentum necessary for their continued passage.

Throughout these entire procedures, the animals exhibited no untoward signs

or symptoms, even when carotid arter embolism was occurring at grade 3 levels,

Pneumatic Decompression Meters

Another decompression model is represented by the most widely used pneumatic

50



decompression meter on the world market today. We have calibrated seven “DeSanct §x
decompression meters including one new model, and six which have been used {n the
field by the Black Coral divers. Table [1 (llustrates the time constants which

we found to be followed by these meters, Over thelr operational ranges, they
followed a single exponent description. For short-water dives, the meters tended
to agree more closely with the vge D-I) limfts, The U.S. Navy No-D limits appearcd
more conservative in the short deep end of the curve, and tnsufficiently conser-
vative in the long shallow range. This again is a reflection of a linear versus

a curvilinear log-log limit.

Figure 42 {llustrates a plot of the No-bends D-D limits for air, graphed on
semi-log paper. Also appearing there are representations of half-times of single
exponent functions. It will be seen that the shorter the div the shorter the
half-tine involved in a model describing the function of the body for the short
dive. At the same time, for long expo:ures, longer time constants govern the
decompression function of the body. The DeSanctis decompression meter, for ex-
ample, with a half-time of 25 minutes, would appear to adequately describe the
body decompression dosage response function to dive durations of 10 to 15 minutes.
The choice of a single exponent to describe the functions for a dive lasting 60

minutes requires the use of an 80 to 100 minute half-time.

Hyperbaric Oxygen Treatment for Bends

In our experimental subjects, bends has been successfully treated in all
cases by recompressing the subject to 30 feet of sea water pressure and causing
him to respire 1007 oxygen for one hour. The decision for recompression and
high pressure oxvgen treatment has been made in all cases where bends pain de-
velops. All bends pain has been minor and never progressed to what would be
considered a serious level.  Pain was judped to be present it developed to the

point where it was constdered by both the phvaician and the subject to be ot g
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TABLE

11

CALIBRATION OF SOS DECOMPRESSION METERS

OWNER METER Y TIME REMARKS
¢ __ MINUTES

TL 24 STUCK AT 23 FT MARK
RS 9742 26 STUCK AT 32 FT MARK
DN 11472 28 STUCK AT 29 FT MARK
JT A-0186 31 DID NOT STICK

TS 7491 33 DID NOT STICK

BO 6195 37 STUCK AT 30 FT MARK
1EMP 14890 25 DID NOT STICK



sufficient level to require at leawt 2 awpirink for relfief,  Other subjectn
have been recompressrd before bends patn {f grade 3 and grade 4 bubbles wignals
persisted. Both subjects, who have previously gone on to bends following devel-
opment of grade 3 and grade 4 bubbles, have been treated before paln developed
by means of hyperbaric recompression and oxygen rewpliration.  This procedure
has no doubt reduced the overall fncidence of bends in our experiments, but was
felt to be necessary for safety of the volunteer subjects,

From more than 125 exposures performed to date on our experimental divers,
we have treated 1l subjects with recompression oxygen treatment. In 10 cases,
arterial flow signals were monftored transcutaneously during the recompression
treatment and no arterial bubbles were detected even though precordial gas embold
were present in grade 2 to grade 4 quantities,

In many instances, surface oxygen has been used to stave off the develop-
ment of bends and to test {t's effect on bubble frequency. Although ic¢ is dif-
ficult o quantitate the effect of this procedure, it is our distinct clinical
impression that hyperbaric respiration on oxygen for 30 minutes will frequently
eliminate grade | and grade 2 bubbles without recompression being necessary.

In all cases of surface oxygen treatment bends was not present, In no case
where surface oxygen was used had the subject gone on to bends development. In
two subjects, grade 3 bubbles persisted for more than one hour on hyperbaric ox-
vgen without bends pain, and the subjects were relecased to their homes without

development of symptoms.
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C. DISCUSSION

The three most videly-used models for detinftion of the dircect decomproes-
sfon limits following hyperbaric {n afr arce the U.S. Navy No-D limits, the
DeSanctis decompression meter, and the theoretical one-halfl timen and M values.
Two additional methods studied (nclude the ube of the theoretical predictions
from nitrogen climination data and that of exoerimental use of objective detec-
tion of venous gus emboli{. Of these, only the DeSanctis meters individually
represent a npecific model. All the others represent more gencral ones,

The venous gas cmboli method has been utilized {n a time-intensity dosage
black-box method, wherein we anslyze the overall body response to the hyper-
baric exposures. This method requires that the response to the given range of
doses to an agc't be objectively detected and plotted. The dosage limits are
in terms of time and pressure, while the response is in the formation of vge.
The method requires no knowledge of the detailed mechanfsms of the body's hand-
ling of excess inert gas, and when examined over a wide range and plotted by
smoothing curves, provides a practical nomogram for determining acceptable time
pressure dosages. The vge time-intensity dosage model may, of course, be ex-
pressed .+ a serfes of exponentials which can be taken to represent a series of
simultaneously acting tissue compartments and avolds the theoretical necessity
of deciding whether the model {8 a perfusion limited or a ¢iffusion limited one.

Any curve, out of a family of curves, which represents iso-embolic responses
may be chosen as optimal limits, but we believe that a practical choice {s that
which represents a minimal vge formation without development of bends.  The line
is somewhat lower than the 2 to 1 N predicted line from Behnke's data.

When compared with the U8, Navy No=D limits, the vge (D-D) model proposed

here 1% 1n excellenr agrecacnt around the point described by 60 feet for 60




minutes exposute, bu  Indicaten that the loager Navy exponures are not wofff-
clently conservative. In the short, deep exposures, the minimal vge no-bends
curve {8 less conservative., Because, however, of the short absolute time dif-
ferences at the short, deep end, we believe that the conservativeness of the
present U.S. Navy limits (s perferred because of the uncertalinties {n practical
operations of knowing exactly the time and depth.

The DeSanctis (SOS) Decompression Meter definition of the Dircct-Decompression
limits which utilizes a single compartment, appcears to be more In agreement with
the experimental vge model in the short, deep ranges, though it s more conser-
vative in the shallow, long term e¢xposures. An improved pneumat fc decompression
meter should utilize more compartments, should provide greater reliabfility, and,
of course, should be calibrated periodically.

The major differences between the vge experimental limits and the limits
of Hawkins® chamber and Albano's open sea exposures may be explained by the
g eater sensitivity of the ultrasonic detection method over the use of bends as
an end-point, as well as our eariier recognition of mild clinical bends. For
example, we have recorded 251 bends on the 5.5 ata for 15 minutes exposure, an
exposure which is indicated as safe by their results. All of our bends complaints
(other than skin {tching) were very mild joint pains and probably were below the
level recognized by those investigators. In the middle points around 3 ata,
there ls good agreement between Albano, the U.S. Navy, and the vge models. The
Albano model and the U.S. Nivy model follow a linear plot on log-log coordinates

while the N, eliminatfon and our vge limits are curvilinear to the time abcissa.

2

The difference implies two separate orders of exponentials. Hempleman's goat
data tends to follow an {so-bends contour parallel to the nitrogen elimination
predicted curve, (Fig. 37). The swine data of Gillis s not sufficient to deter-
mine the model's shape, but agrees that there is a gradient of iso-embolic lines

over the range studied. It doces bear out our findings of a4 gradient of iso-bends
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linesw over the range studied, The nwine bends gradient appears to be very broad,
ranging at 5.9% ata from O for 15 minutes to BOX for 50 minutes,  The sheep vge
data of Smith {ndicates 100X vge on all exposures except thowe at 7.5 ata where
the gradient appears to be as broad as that {or swine.

Pigure 43 discloses our recent findings In sheep, and compares them to the
human direct, decompression limitn, (Fig. 44). These findings suggent that the
zero incident lines for vge in sheep corresponds to the no-bends lines for humans,
The difference between the sheep data and the human data may be explained on the
basis of difference in body welght, and when compared to responses of small ro-
dents, which are highly {mmune to bends, suggests that the heavier the species,
the less immune the individual to the development of decompression sickness,

The use of sheep as an experimental model, nevertheless, {s a highly useful one,
so long as this difference is quantitatively recognized. We believe that the

use of sheep to simulate human responses i{s a valid one, and is certainly botter

than the use of lighter weight mammals.

Principles of Decompression Modeling

The unique principles utilized in our decompression model may be itemized

as follows:

1. It is rooted in the theoretical prediction using nitrogen elimin-
ation data from human subjects—a separate but related phenomenon
—taking place during the elimination of excess gas after hyper-

baric exposure,

2. The decompression model is described by a time-intensity response
curve on a broad scale basis, widely-separated points, including
long, shallow exposures and short, deep exposures which, when the
data {s smootihed, provides greater accuracy within the more fre-
quently used middle range.

3. The model s the first one to utilize a non-bends objective end-
point using precordially detected venous gas emboli with doppler

ultrasound.

4. The model optimizes the problem of diving safety versus work ox-
posures by allowing minimal bubbles, but no bends.

(RXR



Y. The model 4 determined by an enginecring type fnput and output
analyuls uning a nquarc-wave exposure function and may be extended
to both more complicated exposures and exposures requiring pro-
longed and rtaged decompression,

6. The model, albelt still not wpecific, may be graphically, mathcemat-

fcally, electrically or pneumatically simulated and used to test
the validity of more specific models.

Peripheral Formation of Decompression VGE

The limitation of the doppler method of bubbles detection (s that [t does
not detect dtatic bubbles in the tissues or blood. The venous gas embolf, how-
ever, appear to be dislodged into the circulatfon very early after decompression,
before symptoms develop and therefore, this limitation is not primarily i{mportant
{n research of static bubbles.

The question of whether or not tissue bubbles form in extravascular spaces
at the time of or before their detection as venous gas emboli remains to be
solved. Present evidence suggests that if static bubbles are formed at these
early stages, they readily pass into the venous return through available chan-
nels. In open-chest anesthetized dogs, we have found that random injectionJ
of air by means of small hypodermic needles under the pericardium of the heart
produces immediate gas emboli in the pulmonary artery. From this, it appears
that the earliest decompression bubbles, in fact, form and grow in the capil-
laries and small veins where they are dislodged into the venous return. The
formation of static bubbles in the tissues may require greater excess nitrogen
states. We further believe that the precordial blood bubble detector will de-

tect all ohysiological sized bubbles.
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DIVING TECHNIQUES AND OCCURRENCE

OF VENOUS GAS EMBOLISM IN HAWATIAN DIVERS

In an effort to correlate dry chamber results with openwater working exper-
fence, we studied the diving techniques and occurrence of venous gas emboli (vge)
in eleven professional scuba divers working the coastal waters of Oahu and Maul.
Both groups of divers were studied in November, 1973 and the Maul group again
in February, 1974.

The time and depth of each dive was recorded by two methods. When avail-
able, a depth sounder developed by John Kanwisher was used, This equipment,
shown in Figure 45, was strapped to the air tanks and produced a pulse {nterval
every 15 seconds which was proportional to the divers' water depth. A hydrophone
operated from the boat recorded on tape the depth. The device was calibrated
by Ed Hayashi of S.K. Hong's University of Hawail laboratory by suspending it to
various known depths.

When the depth sounder was not available for the Maui divers, the divers'
depth was determined by ~ontinuous sonar supplemented by the divers' report of
depth gauge informatio-. Dive time was recorded by noting the period between
submergence and the appearance of the flotation bag which the diver rode to
the surface. This time-depth estimate used in our lst study with Maui divers
(November, 1973) proved acceptably close to that of the depth sounder used in
February, 1974,

The IEM&P precordial blood bubble detector was used to transcutaneously
detect vge passing through the right ventricle and pulmonary artery. Monitoring
of each dive began 5 minutes after surfacing and continued for 1-3 hours. Pre-
cordial vge quantitics were graded 0-4.

08
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A. Oahu Seafood Divers

Oahu seafood divers (Fig. 45) wore single 73 ft. tanks with regulators,
pressure gauge, manks and flippers and carricd a upeargun, They also carried a
line attached to a surface buoy so that the surface boat could maintain their
exact position. They did not use rescerve valves, but left the bottom when they
felt increasing breathing resistance. W.V.'s last three dive veries 225/11, 150/14,
and 30/13+ demonstrated what we always found, that the last dive was always the
must shallow dive and always longer than the other day's dives, Surface inter-
vals were 78 and 109 minutes. This diver's 2nd series on auother day is8 {llus-
trated in Figure 47. Here the 2nd dive {s the decpest and the 3rd and last dive
of the day was shallowest. Surface intervals werc 58 and 90 minutes. As shown
here, the diver's ascending rates were always exponentially slowing near the sur-
face. The 1/2 time of his ascending rates varied from 2.5 to 2.6 minutes averaging
24 to 33 ft/minute. Though these ascent rates were considerably more conservative
than the U.S. Navy recommended 60 ft/minute, his total decompressions and sur-
face intervals were considerably less than the U.S. Navy recommendations. Pre-
cordfal monitoring for vge disclosed grade 2 bubbles 17 minutes after the 3rd
dive which disappeared within one hour without the development of bends.

The second Oahu diver, R.K., performed 4 successive dives as illustrated
in Figure 48. Dive f#1 was 135/17, and dive #2 was 147/17. The 3rd and deepest
dive was 200/7 and the last and shallowest was between 35 and 70 feet for 36
minutes. No staged decompression steps were taken. Ascent rates were at 24 to
38 ft/minute almost exactly the same as Oahu diver #1. Surface intervals were
72, 100, and 35 minutes--inadequate by USN standards. Crade 4 vge were produced
after the 2nd dive, dissipated after the 3rd and reappearing in grade 2 quan-
tities after the 4th dive. No bends was produced. Data on the precordial blood

bubble detection is shown in Table II1I1.

')



Fig. 45. Diving equipment worn by Oahu seafood divers showing
depth sounding device strapped to side of tank. Unit

produces pulse proportional to pressure every 15 sec-
onds.

Fig. 46. Maui black coral diver prior to diving with 16 1b.
hammer used to dislodge coral at depth.

70
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Fig. 47. Single day's dive schedule of Oahu sea-food diver (W.V.)

Time in Minutes
[} 1 2 3 e 1] L] ? ] ] MW 11 12 13 e s e 17 18 W 20 21 22 23 35 36

Notes:
Surface Intervals
18t & 2nd = 72 minutes .
20d 8 3rd = 110 minutes
3rd & 4th = 35 minutes
w7 3 . Time scale breaks at 23 t
E minyter u'.lou’v‘m.d‘hom
s P L I cont v L
- 204 Dive = O
< 3 Dive - » e
180 8 o’ o 4 Dive =~ » s

Fig. 48. Single day's dive schedule of Oahu sea-food diver (R.K.)
Last dive of day is generally the longest and shallowest.

7 Reproduced from
best available copy.
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We concluded from these studies that the Oahu divers' last dive of the day,
always in shallower water, served au recompression Rx to prevent serious gas
nucleation and bends. Also their use of slow and exponcntial ascent rates allows
them to {mpose normal decompression procedures. In Figure 50 are plotted the dives

of five of these divers as a comparison to our own D-D curve for human subjects.

B. Mauf Black Coral Divers

Maui black coral divers working the channel off Lahaina wear twin 72's with
reserve valves, single hose regulators, pressurc gavyes, decompression meters,
and masks and flippers, (Fig. 46). Ip addition to a shark bang stick, they carry
a 16 1b. hammer, an {iron handled hatchet and 3 inflatable rubber bags with a 15
ft. line attached. They make one dive per day plummetting to the bhottom reaching
180 feet in one minute, run over the bottom to find a coral, then work vigorously
to dislodge the specimen which is attached to the line of a bag, The bag Is
inflated for ascent and the diver proceeds to the next coral. He returns to the
surface on his last bag when his DeSanctis decompression meter indicates the 10
foot stop or until his air supply 1is depleted.

Blood bubble detection data is shown in Table IV. Bottom times in 20 dives
ranged from 3 to 18 minutes, averaging 182 feet, Five No-D excursions were made
250/10, 210/19, 140/13, 140/19, and 200/19. All no decompression dives exceeded
USN recommendatfions by 7 to 14 minutes or more. Nine out of 15 known divers have
experienced paralytic consequences following cxposures of this type. Figure 49
{llustrates two representative decompression dives, showing the rapid descent and
fairly constant bottom depth working gradually deeper and the rapid ascent rates.
Decomprecsion is taken on the coral bag at 20 feet but never as long :~ recommended
by the USN exceptional exposure tables. This figure (49) shows the difference in

actual and USN decompressions.

Results from monitoring 25 dives showed an 8/12 incidence of precordial vge
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in the November, 1973 studles and 3/13 (ncidence in the February, 1974 serfes,
The February serics were more conservative with more decompression time *aken.
They were also less completely monftored due to unfortunate loss of tape date.
From the November series, very completely monitored by M.P., Spencer, two princi-
pal factors appeared to {nflucnce the fncidence of bubblew: (1) the time-depth
factor and (2) {ndividual differences.

By additional moni{toring of the subclavian and jugular veins, we found that
a atarting propensity for bubbles to arise from the left arm though all divers
used their right ara to swing the 16 lb. sledge while on the bottor., Table [V
further documents this finding.

Ascent rates are shown in Figure 51 to excced 120 ft/uinute reaching as
high as 5 ft/second ncar the surface. The depth is plotted in feet on an absolute
scale and on semi-log paper to emphasize that ever a constant rate of ascent s
relatively faster near the surface than at deeper pressures. Figure 52 {llustrates

arcents of 3 other divers who let go of the rag before reaching the surface.

C. Summary and Conclusions

Professional seafood and coral divers using scuba {n the waters of the
Hawaiian Islands routinely exceed limits of <sie decompressi.n recommended in

the U.S. Navy diving manual.

—0ahu divers make repeat dives which utilize a final dive of the day {n shal-
lower water and for a longer period than the previous ones. This procedure appar-
ently protects apainst bends and vge formation by providing preventative recom-
pression Rx'

—Q0ahu divers als. »tilize slow and expenentiai a "ent rates which avoid the
sudden "pull" on the tissuc. which {s especially important iu the shallow depths.

—Thelir use of one tank of air per dive provides some limiting of tisisue loading.
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Fig. 49. Comparison of Maui black coral diver profiles with
U.S. Navy exceptional exposure tables for similar
profile.
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-—-Maui black corai divers make one 12 minute dive/day to 185 ft., normally
sscend at exceedingly fast rates and decompress {nadequately aw judged by U.S,
Navy standards. They produce frequent vge and sustain a high {ncidence of para-
lysis. Paralysis may be due to lung rupture consequent to rapid ascent rates,
—Vigorous exercise at depth until immediately before ascent may enhance NZ
elimination by means of post exercise hyperemia.

-—The vge incidence of this open water no-stop decompression (661) are in
agreement with dry chamber tests which indicate a greater than 502 incidence

vill occur for corresponding exposures.
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CLINICAL USE OF BLOOD BUBBLE DETECTION IN OPEN WATER WORK

The physician caring for decompressfon problems with divers, caisson wor-
kers and others that work in hyperbaric environments now has avallable an "ultra-
sonic stethoscope' which detects venous gas emboli developing in advance of and
during decompression sickness. Clinical experience with the precordfal detec-
tor indicates that early gas bubbles which arc¢ dislodged from peripheral tissues
into the venous return as emboli on the way to the lungs may be detected {n the
field vhere effective action can be taken to prevent decompression sickness. la-
terpretation of the bubble signal is similar but less complex than osculation
for cardiac murmurs. Symptoms of decompression sickness, except for skin ftch-
ing, may be prevented by early detection and use of surface oxygen respiration.

Open ocean diving applications of the detector have been made at Cobb
Seamount, which lies 275 miles off the coast of Washington State. For several
years, the diving operations have been approximately the same. Standard proce-
dure would be for the diver to work at 100 to 130 feet szlt water depth for 15
to 25 minutes with decompressioa at the 10 foot water stop for from 4 to 15
minutes. In 1972, 9 subjects performed a total of 38 dives. All subjects were
monitored 5 to 15 minutes after surfacing by the diving physician (William
Postles, Portland, Oregon). Eleven of these dives produced bubbles with a 29%
incidence of vge. They were usually treated with surface oxygen or recompressed
to 30 feet of sea water in the decompression chamber and were not allowed to
make repeat dives for 24 hours, Water temperature was between 50 and 55 deg-
rees F. No symptoms of decompression sickness developed during the 1973 oper-

ations. Dive profiles and results are shown in Table V.



TAB . E v

OPEN WATER DIVES

DIVE  PROFILE LENGTH (TIME) ELAPSED GRADE
DIVER DAY # DEPTH/TIME  OF DECO., STOP SURFACE TIMF VGE, RX N
5.C. 6 150/20 NA 14 1 10 Min 1002 02 @ 1 ATA
] 130/24 10 30 1 10 Min 1002 02 @ 1 ATA
1 130/20 4 _17.5 2 10 Min 1002 U2 @ 1 ATA
3 120/18 4 24.0 1 15 Min 1002 02 @ 1 ATA
5 115/24 6 24.5 []
M.R. 6 130/21 10 16 b .
4 120/25 7 18 g
5 120/24 6 20 [)
1 120/19 4 19.5 1 _ NONE
B.A. 6 130/20 10 25 ]
1 130/19 6 13.5 ] -
4 120/24 6 12 [} - .
P.M. 6 130/21 10 12 ]
1 130/20 4 20 p —
4 130/25 7 37 110 Min 1007 U2 @ 1 ATA
J.E. 1 130/22 6 45 1 20 Min 100% U2 @ 1| ATA
6 130/20 NA 15.5 ) -
3 120/25 15 5 6 10 Min 100Z U2 S 30 FSw*
5 120/ 24 6 24 [}
V.R. 6 130/20 10 32 [
1 130/15 4 15 [} AA
3 120/25 15 42 2 10 Min 100X "2 S 30 FSW*
4 120/ 24 6 17 [
R.W. 1 130/20 4 24 [}
1 130/19 6 22 )
6 120/25 6 13 [}
4 120/24 6 9.5 1 10 Min 100% 02 @ 1 ATA
4 120/18 6 23 1 10 Min 1007 U2 @ 1 ATA
5 115/24 6 22 ]
M.S. 7 130/24 10 34 []
1 130/20 4 21.5 2 10 Min 1002 02 @ 1 ATA
6 130/20 NA 18.5 )
3 120718 A 20 T
S 115724 6 26 A
P.M. 1 130722 6 28 g
6 120725 6 8.5 [ -
A 12072% B 77 T T T T
6 120719 A 5.75 I
LEGEND
§ = No bubbles NA = Information not available
1 = Minimal detectable bubbles * = Divers missed "D" stop.

2 = Moderate bubbles
3 = Copious bubbles
4 = Extreme bubbles

Surfaced, re-entered water
for 15 minute stop.

All decompression stops at 10 tt. depth

All time in minutes, depth in feet,

All divers are experienced, healthy males,
Eight additional dives were performed on which no data {s available,

S0




L | g L ) L ] Gy [ ] [ 1]

Gl oeouws ey e

In cuntrast, during 1971 the same diving operationn produced 2 CNS "hicn'
which occurred after repeat dives and required recompression treatment .,

Four of the 1972 divers were alue members of the Experimental Diving Lab-
oratory teas who partici{pated in the studies of defining unknown decompression
limits. Diver S.C., who bubbled most frequently fn the chamber dives, was also
the same diver who bubbled most frequently during the open ocean dives. On the
other hand, diver J.E., who never bubbled on the experimental No-D exposures,
did produce bubbles from 2 water dives, one which followed prescribed decompres-
sion procedures and one which did not. Another experimental dfver, who bubbled
on one open water occasion, also bubbled on the 150 for 15 No-D experimental
exposure. Even though there were differences in conditions between the working
open-water decompression dives and the experimental No-D dry chamber resting
dives, the differences in percentage occurrences of vge and absence of bends
appears to be explainable on the differences of pressure profiles alone. It is
therefore suggested that the dry chamber dives may effectively predict what can
be expected in actual working open-water dives.

To test this idea, we exposed six divers to identical profiles in the cham-
ber and open water. Efforts were made to keep the depth/time (profile) rela-
tionships as close to identical as possible. The chamber exposures were moni-
tored by both mechanical and electrical pressure transducers. Individual depth
gauges wei 2 exposed on these chamber profiles to select one or more which were
in agreement with the chamber pressure monitors. One such depth gauge was {in
complete acreement from surface (1 ata) to depth (6 ata) and was therefore used
to determine the depth of the open-water dive. Ascent and descent rates were
maintained at 60 ft/minute in the chamber while ascent and descent in the water
was performed by pulling one hand over the other, on a descending line, in one-
foot increments while counting ''one-thousand one, one-thousand two, etc.”

We did not expect to control other conditions such as temperature, workload,
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psychological ccnditions, etc., and in fact, expected these variables to consti-
tute the differences between the two exposures. The chamber exposures presented
no workload other than respi-ation in a more dense medium, while the open water
exposure presented, in addition to that above, restriction of the diving gear
and its accompanying weight, efforts of swimming in 55 degree Fahrenhelit wvater
running at better than 1 knot and in moderately choppy seas.

Results of our findings are found in Table VI. Two of our divers bubbled
on chamber exposure while five of them bubbled on the open water dive. Of ob-
vious interest is the relationship between the chamber exposure induced bubbles
and those resulting from the open water work. None of the divers (four), who
exhibited low-grade vge following open water work, bubbled on the chamber ex-
posures, The other (two) divers, both of whom exhibited moderate amounts
(grade 2-3) of vge on the chamber exposure, produced grade 4 vge with rapid on-
set of bends pain on the open water exposure, Both of these divers were subse-

quently treated successfully with 1002 O. resgiration in the hyperbaric chamber.

2
Based on these results, we would suggest that the dry hyperbaric chamber can

be utiiized as a valuable tool in diver selection. By pre-exposing all divers

to a simulated water dive, and monitoring post-dive for vge production, those

divers tending to produce moderate (grade 2-3) or stronger embolic signals could

be selected out and removed from the program. Such a prograw would not oniy re-

duce lost diving time to bends, but could substantially reduce the risk factor

for the individual diver.
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DIVER

s.C.

T. Ll

P.McK

J.N,

J.E.

G.A.

Ol o ey e @ o——y

CHAMBER EXPOSURE COMPARED TO OPEN OCEAN EXYOSURE

PROFILE
No-D

165/10
165/10

165/10
165/10

165/10
165/10

165/10
165/1C

165/10
165/10

165/10
165/10

20

10

12

TABLE VI

165 ft/10 min.

min,
min.

min.

min.

min.

min.

min,

ELAPSED SURFACE

TIME Chamber
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GRADE VGE
Open H30

None
Table V

None
45 min. 07 @ 30 FSW

60 min. surface 02
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SAFETY CONSIDERATIONS

The question of safety in using the precordial detector and other ultra-
sonic transducers on humans has been under consideration since their first use.
Most ultrasonic applications to humans have been made buefore proof that they
would not produce adverse effects. Adverse effects may be expected efther by
direct thermal damage from the sonic irradiation or by the growth of bubbles
in the tissues and blood. Of special concern in divers 1is the possibility of
promoting bubble production or growth in tissues that contain excess nitrogen
("super saturation"). We have examined several lines of evidence, both theo-

retical and experimental, that bear on the safety question.

A. THEORETICAL CONSIDERATIONS

Power Levels Used

The peak-to-peak voltage applied to the precordial transmitter's ultra-
sonic crystals from the power oscillator of our design does not exceed 5 volts.
The precordial ultrasonic detector as designed and used in this laboratory,
has an energy level not exceeding 10 mH/cm2 deliverable to the transmitter crys-
tal. The crystal efficiency in producing ultrasonic energy in the sonically
conducting medium probably ranges 10 to 20 percent. We found, by measuring
by radiation force studies, that the ultrasonic energy delivered to the skin

surface does not exceed 3 mU/cmz.

Attenuation in the Tissues

Any transducer radiating into an absorbing mwedium which is uniformly
nomogenous will have its intensity reduced by the inverse exponential of the

med{um depth or distance from the crystal. This may be formalized in the fol-
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lowing equation: ld - l-.le d vhere | = intennity, lnax = {ntenaity at the med-
fum entrance, d = depth {n the medium, and k = : proportionality constant. While
the body i{s far from a homogenous absorbing medium, the inhomogeneitics will pro-
duce an additional attenuation by means of reflection from the acoustical inter-
faces. Each tissue tends to absorb ultrasonic power to a greater or lesser degree.
From Wells, (1969), we estimate tissue losses at 5 MHz, varying from 0.9 db/cm for
blood, 16 db/cm crossing muscle fibers, 100 db/cm for bone, 205 db/cm for lung
tissue, and in fat a rate of 3 db/cm. Additional attenuation at points nf ultra-
sonic reflection may be expected at many {nterfaces such as between the crystal
surface and the skin, and between concentration of f.tty, muscle, aqueous, bony

and lung tissue.

A conservative estimate of the power delivered to the surface of the heart
with the precordial transducer indicates that this cannot exceed 30 uu/cmz. The
subambient pressure generated by 30 uU/cm2 of 5 MHz ultrasound is equivalent to
approximately 3 inches of water. Even assuming a possible "pumping”" effect due to
the rapidity of sonic oscillations, three inches of water pressure imposed by the

first steps of decompression has been used safely for years in diving decompression

practices.

Biological Effects

While no one has yet define. a specific end point for acceptable, safe
tissue ultrasonic levels, Wells (1969) scates that biological effects have not
been observed at intensity levels below 100 mH/cmz. Intensity levels varying
from 0.05 .H/cmz to 0.001 'H/cm2 for durations varying from 15 to 1,440 minutes
at frequencies from 5 to 15 MHz have failed to demonstrate tissue damage in an{i-
mals, including fish, amphibia and mammals., A study in human physiotherapy uti-
11zing 10 minutes duration of 1 to 3 MHz ultrasound at varying intensity levels

of <1to 5 w/cm2 provided similar results. Though this evidence does not conclu-
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sively prove that the presently utilized levels ot ultrasontc encrgy are safe, no
experiments utilizing the levels of energy which we provide have shown any tissue
damage to date., Ulrich (1971) concluded from a literature search atudy that expo-
sures of 100 'H/cuz of CW ultrasound were harmless for perfods (n cxcess of three

hours.

Cavitation Bubbles

Cavitation {n aerated water at 5 Miz requires a powver of 5 - lOS Hutlu/cmz.

Heuter and Bolt (1955). The sound presrure necessary tor vaporous-type cativation

iacreases rapidly above 0.1 Mz and becomes as great as 100 ata at 5 MHz. Heuter
and Bolt have shown the need for a power level {n excess of 50,000 .0
produce cavitation bubbler with a 5 Miz ultrasound while only 2 to . vore

[

required in the 20 kilohertz range. Cavitation {s not, therefore, a phe - .sunren ¢

concern at the frequencies and power used in medical doppler ultrasonic devices.

Bubble Crowth

Experimental evidence indicates that the smallent stable bubbles have radif
of the order of 5 X lO-7 (0.5 microns), Heuter and Bolt (1955). Concerning the pos-
sibility that ultrasonic energy may produce bubble growth by resonant oscillation
of microbubbles already present, the following are pert:inent. Even bubbles as
large as 7 micra in diameter possess such high damping factors in solutions that
they do not strongly resonate at their expected resonant frequency. 5 MHz is the
expected resonance frequency of a bubble of air in water of 8 X 10.7 diameter. It
would appear, therefore, that a resonance phenomenon is unlikely to be in e¢ffect to

promote growth of bubbles. There remains, however, the possibility of growth from

non-resonant oscillations of the buvble.
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B. EXPERIMENTAL AND PRACTICAL EXPERIENCES

Ideal expertimentation calles for the production of bubbles {n the tissues by
ultrasound and determining the levels at which it I8 {nsured that the level of
operation isw well below this level. Becaune cavitation and supersaturation bub-
bles have never been produced by 5 MHz ultrasound, this {deal approach to exper-

fmentation has not buen necessary.

In-Vitro Experiments

Our laboratory Lnvestigations have never generated bubbles or indicated
promotion of bubble growth. These investigations, to be sure, have been prelim-
inary. We have energized with both 5 and 10 MHz doppler crystals, positioned
in columns of supersaturated soda water, and have consistently failed to produce
clouding with the laboratory-produced encrgies well above those ured in our
experimental and clinical doppler flowmeters and bubble detectorx. Five mega-
hertz doppler transducers, focuvsed on a moving column of biood, nassing through

dialyuis tubing, have also failed to produce detectable downstream bubble signals.

Animal Experimentation

We have positioned, in tandem, large crystal 5 and 10 megahertz doppler
flowmeter cuffs on the inferior vena cava of sheep. Following recovery from the
surgical procedure, the animal was compressed and decompressed to produce a
supersaturarted condition, whith produced decompression bubbles heard while mon-
itoring with the 10 megahertz doppler. The five megahertz doppler was thea
energized In an on-and-off cycle during a 30 minute period when the 10 megahertz
bubble signals were produced at a relatively constant rate. We were unable to
produce any change in the downstream bubble signals by this means. Powers into

the five megahertz crystal exceeded by a factor of 10 those normally used for

energizing them.



Human Experience

Experience with clinical monitoring of more than 500 subjects, studied by
means of precordial bubbles using the precordial and peripheral detectors, whom
may be presumed to be in an excess nitrogen state, has failed to produce any
observable symptom or sign of tissue damage or bubble formation.

In most chamber exposures 'skin bends" 1is produced, which amount to an
itching and reddening of the skin, presumed to be dve to formation of nitrogen
bubbles in the skin itself. In spite of the fact that the phenomena occurred
frequently over the arms and back, we have never observed and have never had a
complaint of symptoms or signs developing in the skin beneath the transducers.
There has never been any skin reddening and there has never been any subject
observed to be scratching the precordial area. Even on direct questioning of
subjects, local effects have been consistently denied. Since the maximum amount
of energy available might be expected to occur near the crystal itself, in the
skin, this practical experience argues strongly against the possiblity that bub-
bles are formed at any level in the tissues by means of our transcutaneous trans-
ducers and the energies used. No cardiac abnormalities have been associated with
the use of the transducer, although premature contractions are occassionally

heard, as are noted in many normal subjects by other monitoring means.

C. CONCLUSIONS

While our studies and considerations have not been exhaustive, and no pro-
ject funds have been available to directly investigate in detail the basic fac-
tors, we feel that practical experience and theoretical considerations strongly in-
dicate that the 5 megahertz doppler units used at nc more than 10 mW/cm2 of ultra-
sonic energy into the crystal, produce no dangerous effects, It is further con-
cluded that the importance of the information available to the diver and the div-
ing supervisor from the use of this detector far exceeds any probable deleterious
effects which might be expected.
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VI.

NEW ENGINEERING

Bubble Counting

After detecting the presence of blood gas emboli, it is desirable to corre-
late the rate of gas emboli ratio with the appearance and sensitivity of decom-
pression sickness. When the number of bubbles has risen to the point where
decompression sickness is incipient, it is impossible to count them manually.
Attaching an electronic pulse counter straight to the precordial detector does
not serve well since the bubble signals are often present, but masked by arti-
facts from the heart motion and tlood flow. Something is needed having a 1lit-

tle of the autocorrelation capability of the human ear.

In-Vitro Signal Generation

In the present precordial signal, the signals of heart motion are often
larger than the bubble signals. Users learn to listen through, or past, the
rhythmic heart sounds for the occassional non-rhythmic "chirp" or whistle
indicating the passage of a bubble. These artifacts will, of course, compli-
cate the effort required to recognize and count the bubble sounds by automatic
means. Our first efforts were directed to developing a means which would recog-
nize and count bubbles in the presence of a flow signal without the heart arti-
facts. We began by trying to produce machine equipment which would discriminate
a bubble signal from the noise-like background of blood flow signals. A mixture
of flow and bubble signals 1is produced by passing the blood with bubbles through
a section of dialysis tubing, which is suspended in a bath of water, (Fig. 53 &
54). 1If the transducer of the precordial detector is also placed in the water

bath, and arranged to look at an angle at the center of the length of dialysis
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Fig. 53. Set-up forin-vitro bubble counting work. Phase lock
loop circuitry accounts for the majority of the electro-
nics shown.

monitors
beneath 1it.

Fig. 54. Close-up of the transducer shown above as it
the flow stream inside the dialysis tubing
e |
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tubing, flot- and bubble signals are readily produced, Recording these on mag-
netic tape conveniently stores the signals from such an arrangement, and allows
the counting electronics to ve tested, without the necessity of the bubble and

flow signal generator, at later dates.

Electronic Counting

Straight amplitude discrimination after selective filtering has been em-
ployed in the past, Smith (1970). The burst of sound from the bubbles was
rectified, filtered, and the envelope fed to a counter. However, since the
present purpose is to develop equipment which will ultimately be able to
overlook heart artifacts of larger amplitude, this does not seem promising.

We sought a method which would perform like the ear discriminating between
the chirp and the flow sounds even when the two are of equal amplitude. Since
the chirp sounds as a clear tone (coherent sound) against the windy noise of
the flow sounds, something is needed that takes into account the coherence as
well as the amplitude. If the amplitude of the chirp is larger than that of
the flow sounds, this will add assurance of making the count,

The locking outo and tracking of a coherent signal in the presence of a
non-coherent signal is accomplished when a tracking filter is used to bring a
frequency modulated radio signal out of enveloping noise. Since it seemed
reasonable to examine the tracking filter for use with the bubble signals, we
chose a commercial form of the tracking filter (the phase-locked loop) through
which were fed signals from the bubble tapes. The signal from the filter out-
put was examined with an oscilloscope. Using eye and ear correlation techniques,

the excursions of the filter were found to correlate with the audible sounds of

bubbles. A further study of the correlation was made by simultaneously recording

the bubble sounds and the frequency excursions of the filter output voltage.

They were again found to agree within reasonable limits. Further efforts in

91



bubble counting using this technique should be made.

The IEM&P~Reid CW doppler ultrasonic flowmeter (Reid, Davis, Ricketts &
Spencer, 1973) has been tested with regard to its hubble counting ability and
compared on-line with a band passed zero crossing method, The Reid analogue
readout circuit is a directional one which senses the direction of flow in
an RF mixer with two phase-modulated signals--one for frequencies representing
velocities toward the transducer and the other for velocities away from the
transducer. In a special analogue converter the frequency shifted doppler
signal is processed to a net directional velocity signal.

The flowmeter readout is remarkably immune to large broadband artifacts,
but is greatly disturbed by large sinusoidal transients which often character-
ize the chirping blood bubble signals. The output responds therefore with a
large pulse whenever a bubble chirp appears above the level of the doppler
audio signal. These pulses can be counted as a minimal bubble count. The

well-known zero-crossing meter when operating on the simple audio doppler sig-

nal from the same transducer failed to respond to the same bubble chirps clearly

recognized by the IEM&P-Reid directional instrument.
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OTHER APPLICATIONS

Gas embolization occurs not only in diving but also accidently in
many surgical and catheterization procedures, as well as in tr-umatic accidents.
Doppler ultrasonic blood flowmeters provide many possibilities for sensing intra-
vascular gas emboli in hospital medicine. The safety of deliberate ‘njection
of micro bubbles of CO2 as well as 0, in denitrogenated subjects provides a po-
tential for enhancement of ultrasonic vascular visualization techniques and for

new methods of determining cardiac output and blood flow distribution.

Surgical Procedures

All disc and bubble type extracorporeal oxygenators we have examined con-
tain and pass micro gas emboli, (Fig. 55) to the patient's arterial system during
cardiopulmonary bypass, Spencer, Lawrence, et al, (1969). Oxygenators examined
to date include the Bently bubble oxygenators, as well as three different disc
oxygenators. Ventriculotomy also always produces arterial gas embolization
(Fig. 56) regardless of the preventative techniques employed.

No method of debubbling examined to date completely eliminates bubbles
which are produced or introduced by extracorporeal oxygenation, The use of
ultrasound pressure has been proposed, Macedo (1973). Large bubbles rise
quickly and break on the surface or in a defoaming device. Micro bubbles, how-
ever, do not rise readily under gravitational force and are swept along in the
blood stream passing all meshes and bubble traps until they enter the patient's
arterial system and are lodged in the peripheral capillaries. The venous return
from the patient, during bypass, is clear of detectable bubbles, Venous gas
emboli are capable of overloading the pulmonary filtering and elimination capacity,
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Fig. 55. Carotid artery bubble signals detected during
pulmonary bypass for open-heart surgery.
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(Fig. 57).
In all oxygenators, a major source of microbubbles is the suctioned blood
from the operative wound even though passed through a defoaming mesh. Another
cause is that of injection into the sump of drugs or blood which when passing
through the surface of the blood entrains bubbles in great numbers. Overt clin-
ical signs are usually not ciused in the patient presumably because they are de-
nitrogenated and the brain and other tissues have a great tolerance to microemboli.
Surgical applications of ultrasonic blood bubble detection include monit-
oring crainiotomies, especially in the head-up position, angiography and other

high-pressure injection procedures, open-heart surgery, and extracorporeal circula-

tions.

Deliberat=z Injection of Gas Emboli

Carbon dioxide gas has been shown to be innoxious when injected in large
quantities into the venous circulation. Disc and bubble oxygenators also de-
liver, as stated, hundreds of 02 bubbles into denitrogenated patients with
little apparent harm.

Because of the excellent reflection coefficient between gas-blood inter-
faces, we propose that the use of calibrated numbers of microbubbles be used
for measurement of the distribution of cardiac output and in regional blood
flow measurements. In addition, the future may b.ing improved vascular visu-

alization techniques with the enhancement of gas emboli deliberately injected.

Additional Ultrasonic Techniques

Other ultrasonic techniques for the detection of stationary bubbles in
tissues and blood have been attempted, Rubissow and MacKay (1971). These ultra-
sonic techniques for detection of stationary bubbles in tissue are based on
through-transmission of reflected ultrasound using either continuous wave or pulse

ultrasonic energy. The transducer is localized over an area of expected bubble
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Fig. 57. Upper panel: control doppler pulmonary artery (PA) blood
flow signals.

Lower panel: superimposed pulmonary bubble signals fol-
lowing N, injection. Dosage of 0.15 cc/kg/min. did not
embolize“to the brachiocephalic artery (BCA).
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formation and the subject decompressed until a change in transmission or reflec-
tance is obtained. A serious limitation of these techniques presently is similar
to that initially found with the doppler peripheral searching, namely that early
bubble formation is unlikely to occur under the selected local tissue. The
randomness of early development of decompression bubbles, symptoms, and signs
means that a local detector has a very poor chance of giving an early warning,
because it necessarily limits the observer to one particular localized tissue
site (usually on the accessible extremities or in the superficial tissues of

the body). To detect the earliest develooing static bu'™“les, such transmission
techniques will be required to scan all points simultaneously on the entire body,
or as a possible compromise, be so flexible and reliable that they can find use

by moving rapidly from one suspect area to another.
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VIII.

CONCLUSIONS

We have continued to find the technique of doppler ultrasonic detection
of decompression venous gas emboli useful in preventing, diagnosing,
treating and investigating the pathophysiology of decompression sickness.

Investigating hyperbaric air exposures ranging from 7 to 720 minutes

and at pressures from 25 to 233 feet sea water, we have always found that
decompression venous gas emboli (vge) are detected before bends pain
occurs,

Musculoskeletal pain has never been found prior to detectable vge.

Certain divers are prone towards development of vge and bends while others,
on identical insults, remain relatively resistant to both.

Bubbles-prone subjects tend to produce vge in the same body arca regardless
of the insult.

Arterial bubble signals have not been detected in mild decompression sick-
ness.

For earliest detection, precordisl monitoring is preferred to peripheral
monitoring. |

After exceeding some critical tissue and blood supersaturation state,

the venous gas emboli (vge) collect in the small peripheral blood vessels and
are extruded by blood flow or muscular contraction into the systemic veins
where they embolize to the lungs.

Perinherally sequestered venous gas emboli may be dislodged by man’pulation,
promoting early detection and confirmation. |

Decompression vge without attendznt bends may be cleared by 30-60 minutes
surface (1 ata) respiration on 100% oxygen.

Recompression treatment to 30 fsw with 100% O, respiration clears vge
and bends formed by much deeper initial exposures.

Precordial vge signals serve as a practical clinical guide in preventing
bends by indicating the need for preventative and/or treatment measures to
include the deferring of repetitive dives.

The lack of vge can be used as an indication of the success of, or the
desirabilicty of, proceeding with decompression.

Surgically implantable doppler flowmeter cuffs can be used to measure
blood flow simultaneously with their usc as bubble detectors.

Currently utilized U.S. Navy No-D tables tend to be too conservative on the
deep end and not conservative enough on the shallow end.
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16. Open water dives have tended to produce greater quantities of vge than
similar dives simulated in the dry hyperbaric chamber.
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IX.

SCIENTIFIC COMMUNICATIONS AND COLLABORATIONS

Since the first introduction of doppler ultrasonics to detect vascular gas

emboli, the authors have provided equipment and advice to many colleagues.

Training

Dur!ng the past contract year severai sessions were held to further increase
the number of people qualified to operate the precordial blood bubble monitor.
These sessions included a two day symposium conducted at Providence Hospital,
Seattle, Washington, attended by 50 persons representing physicians, technicians,
and divers. The entire second day was used to demonstrate the use of the bubble
monitor; a tape demonstration of bubbles presented at the Undersea Medical Soc-
jety meeting in Las Vegas during the May, 73 Annual meeting; a presentation of
the 5th International Congress on Hyperbaric Oxygen and other on-site cemonstra-
tions to purchasers of the bubble detector.

Training has also been given our experimental divers such that at th.s time
each one of the divers is fully capable of operating the doppler on himself with-

out the need for assistance. This is in itself a significant endeavor in that th-

majority of these divers are either assistant or certified diving instructors. Sev-

eral of the instructors have requested that we develop for them a cheaper model

doppler that they could use in their diving instruction programs. This interest is

leading to the exposure of a greater number of people to the concept of decompres-
sion problems being related to the presence of detectable venous gas emboli.
On the 18th and 19th of August, 1973, the Institute of Environmental Medicine

and Physiology co-hosted a symposium on Decompression Gas Bubbles, as mentioned
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above. This 2-day affair was divided between one day of scientific exchange
and one day of demonstrations. During the first day, 17 papers were presented
dealing with the various aspects of and problems associated with decompression
gas emboli. In conjunction with th?s, tie founding meeting of the North Pacific
Chapter, Undersea Medical society, was also conducted. On the second day,
laboratory sessions were held demonstrating:

1. The use of the bubble detector in
an actual dive sequence,

2. Use of a bubble counting device re-
sulting from a feasibility inves-
stigaticu, and

3. A taped bubble identification ses-
sion.

During the chamber dive, gas bubbles were detected both during two of the
decompression stops and while on the surface. Surface bubbles of varying inten-
sity were demnnstrated for an excess of three hours following return to (surface)
atmospheric pressure. These were dissipated in a demonstration of surface-
epplied 100% O2 administered via an oral-nasal mask.

A taped demonstration was also set up 1llustrating the use of a device to
count bubbles when not masked by the presence of cardiac motion signals. The
counter was far from being fully developed at this time, but never-the-less, did
demonstrate the feasibility of bubble quantification.

A tap~ lab was conducted which consisted of several tape recordings made
throughout the last three years. Several tapes were presentecd to demonstrate
the various signals that represent the gas emboli, as well as a tape representing
the time course development of venous gas emboli. Additional tapes, brought
by the participants, were also presented, and observations and comments were
of fered concerning them. A final lab was held during which time all those
participants possessing an ONR-purchased doppler were encouraged to discuss any

questions relevant to the more expiditious use of the doppler.

101

-



T T Y A T P = 17y a1

e T e e e i

TR

LT T IT RNT PE Y

In May, 1973, a tape recording of bubbles was presented at the Annual
Meeting of the Undersea Medical Society held in Las Vegas, Nevada. Following
the presentation of this tape, a discussion ensued relative to the identification
of which sourds were or were not bubbles. General consensus, following the
presentation, seemed to be one orf having clearcd up an area of confusion.

In addition to this, several tours have been conducted through the facil-
ity, during which complete demonstrations on the use of the doppler have been
glven, with a period following during which questions concerning the doppler

and its use have been entertained.

Cosiculting

Consultation of various kinds has been rendered throughout the contract
year. This has ranged from general advice on particular problems to ultrasonic
engineering to specific suggestions in regard to the application of the doppler
ultrasonic emboli detector. Consultant areas have ranged from the surgical oper-

ative area to the applied research laboratory.

Presentations

During the course of the contract, several papers were presented to help
disseminate the information as gathered on the project. The first of these,

Ultrasonic Detection of Intravascular Gas Emboli, was presented in May, 1973, in

Beerse, Belgium at. the "Symposium of Cardiovascular Applications of Ultra-
Sound". This was followed in June, 1973, with a six months Progress Report on
the presant contract. Two papers were presented in August, 1974; the first at

the Institute sponsored symposium entitled Precordial Blood Bubble Detection and

Bubble Signal Analysis, and the second, Clinical Use of Blood Bubble Detection

in Diagnosis, Prevention, and Treatment of Decompression Sickness at the 5th

International Congress of Hyperbaric Medicine. Included in the publication
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materials presented at the 5th 02 Congress, was an abstract of another paper en-

titled Objective Development of Decompression Tables ivsing Ultrasonic Blood Bub-

ble Detection. Another paper, Diving Techniques and Occurrence of Venous Gas

Embolism in Hawaiian Divers, was presented in May, 1974 at the Washington, D.C.

meeting of the Undersea Medical Society. Two additional papers are anticipated
for presentation at the September, 1974 meeting of the of the North Pacific

Chapter of the Undersea Medical Society.

Publications

Following the presentations of the above-mentioned papers, several were

published. Two of these, Clinical Use of Blood Bubb.e Detection in Diagnosis,

Prevention, and Treatment of Decomnression Sickness, and Objective Development

of Decompression Tables Using Ultrasonic Blood Bubble Detection, were incorpor-

ated in the Proceedings of the 5th International Congress on Hyperbaric Oxygen.

Another paper, Ultrasonic Detection of Intravascular Gas Emboli, was incorpor-

ated in the Proceedings of the Symposium of Cardiovascular Applications of Ultra-

sound. An abstract entitled Venous Gas Embolism (vge) in Hawaiian Divers was

publisted in Undersea Biomedical Research, Volume 1, Number 1. These publi-

cations are listed in the Bibliography as numbers 50, 51, 49 and >6.
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APPENDIX

HYPSRBARIC FACILITIES OF THE IEM&P

Laboratory Space

The Institute of Environmental Medicine and Physiology hyperbaric facility
is located on the premises of Providence Hospital immediately across the street
from the Institute's principal office and engineering laboratory facilities.
Primary access to the hyperbaric laboratory is on street level via a large set
of doors which allows easy entrance and exit of the personnel and experimental
animals as well as the equipment, including the largest chamber. Additional
access to Providence Hospital clinical resources is by means of an additional
doorway opening directly into the hospital proper. The main entrance opens on-
to the courtyard which serves the facility as well as the emergency room of the
hospital. The floor space is sufficient for training programs accomodating

groups of 20 to 30 individuals.

Hyperbaric Chambers

Three chambers are housed in the laboratory facility whose volumes are
0.5, 70, and 205 cubic feet. The smallest chamber is an instrument testing
unit., The two larger ones (Fig. 58) are ASME and USCG certified. The largest
chamber, 205 ft.3, is double locked, triple hztched and mounted on skids for
ease of relocation. Padeyes and jacking pads are provided for ease of handling
and leveling. This chamber is capable of simulating dives to 292 feet (130 psig
working pressure) and is provided with 75 two-inch through-hull penetrators for
gas, communication, and instrumentation leads. Hatches are 30 inches in diameter

and four six-inch plexiglass ports are provided for visibility and lighting,
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three in the main lock and one in the transfer lock. The main chamber is equipped
to administer 100% oxygen via oral-nasal masks to a maximum of four subjects
simultaneously. Lighting is by means of surgical type spot lamps m unted exter-
ior to the chamber. 110 volt sources are highly restricted within the chamber

and normally physiological detectors with their accompanying D.C. packages are

the only electronics allowed within the chamber. The communications system is

an exception at the present time, having 0.1 volts p-p on the speakers. It is

intended that this be the only exception.

Primary air supply support for the 205 ft.3 chambe:- is from a 34 ACFM 175
psi air-cooled compressor rated for continuous duty (duty cycle 50% unloaded).
Primary air supply for the smaller chamber is a four bottle (220 ft.3) high
pressure (2,000 psi) bottle bank. Either of the two chambers may be used as
an air storage vessel while operating the other chamber., A high-pressure
(2,200 psi) 15 bottle backup, capable of pressuriziug the largest chamber to a
200 ft. depth, twice in succession, is available should the primary source fail.
At least an additional 15 bottles are maintained at all times to back up the
high pressure bank.

The 70 ft.3 chamber (Fig. 58), likewise double locked with two 24 inch cir-
cular hatches, is rated at 550 ft. salt water working piressure. It is provided
with three plexiglass ports and is mounted on skids for portability. It.is cap-
able of administering 1007 02 to two subjects at a time and has it's own inte-
gral communications system. It is capable of being supported by a portable air
compressor should the need arise. It frequently sees service on the Cobb Sea-
Mount operations of Project Sea-Use as well as in the diving training programs
of both Bellevue and Shoreline Community Colleges.

The 0.5 ft.3 chamber (Fig. 59), rated to 1,000 feet salt water pressure,
has a single circular bolt-down hatch, four instrumentation through-hulls, and

provided with one glass flange on the end opposite the door allowing observation
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Fig. 58. The 200 ft3 (right) and the 70 ft~ (left) deep diving

double lock chambers.

Fig. 59. The 0.5 ft3 high pressure test chamber.
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of the behavior of test items within the chamber. Replacement of this glass
flange with a metal flange allows the chamber to be used at depths to 2,000

feat salt water.

Recording Systems

All data are recorded on multi-channel strip charts and tape recorders for
future replay and analysis. The recorders include a four-channel audio recorder,
several two-channel cassette recorders, an eight-channel instrumentation recorder,
and a two-channel instrumentation recorder. A time code generator/translator
produces a digital time code for both recordings and playback, as well as con-
tinuous electronic monitoring off a chamber-mounted strain gauge which is recor-
ded on a wide channel strip chart recorder displaying both instantaneous pressure
and rate of change of pressure (dp/dt). The dp/dt indication provides the cham-
ber operator input in addition to that of the direct dial pressure gauge reading
to better enable him to maintain a more constant rate of change of pressure, there-
by eliminating one more variable in the effort to maintain reputable conditions
in the experimental protocol. (The differentiator operates by passing the output
voltage of the pressure transducer through a capacitor, followed by a current-to-
voltage transducer comprised of two chips, Fairchild A72713 and A741, to make a
single operational amplifier.)

The data acquisition/retrieval system also includes zero-crossing meters,
oscilloscopes, and variable band-pass filters. Doppler instrumentation (ilnsti-
tute designed and built) incorporates the audio signal of bubbles along with an

analog readout of blood flow and velocity.

Through-Hull Signal Transfer

The transfer of information through-hull has long been a problem in the

hyperbaric facility. In a pervious report, we discussed an TEM&P designed and
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built through-hull connector which allowed for low-loss transmission of signal
material. This device, which had the center lead of its individu~i connectors
floating from the chamber, is now being replaced with an improved version of

the same connector. By so doing, it is now possible to pass (float) both the
center and common leads of the connector through the chamber without making any
contact with the chamber itself. This new through-hull (Figs. 60-61) enables

us to utilize 7 wire pairs insulated from the chamber instead of the 3 pairs
available previously. Also, due to the need for fewer wires and associated
connectors, there is less opportunity for RFI and 60 cycle disturbances to inter-

fere with acquisition of data.
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Fig. 60. Through-hull coaxial leads with outer plastic insulation

removed are potted in epoxy to insure against gas leakage
and isolation from the plug itself.

Fig. 61. The finished IEM&P BNC multiple channel through-hull
connector. Both the common lead and the high lead
are isolated from the chamber wall.
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