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SUMMARY 

The  d eve lupine» nl   of   duppler   lust runu-utat Ion   for  non-lnvasivc  detection of 

gas enboll nuvlng  through the arteries and veins   Is  traced from it's beginning 

In  1967  through  1974.     The design and construction of   the  IEM&P precordlal 

blood bubble detector   is described  in detail.     A comprehensive  range of doppler 

transducer types  is presented  Including aany 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.    Results from the use of doppler blood 

bubble detection  include  the following advances  in diving safety, pathophysio- 

logical knowledge,  and  improved  instrumentation 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 resulting from decompression after breathing 

high pressure atmospheres.    They are clearly det  cted with the 

Doppler Ultrasonic  Blood Flowmeter,  appearing as chirps, whistles, 

and si.aps on  the audio output. 

2. Decompression gas emboli  form early   in  the veins and appear  In 

the  systemic  arteries only after severe violation of accepted 

decompression schedules. 

3. Vge  forming  in  the periphery,  develop  first   in specified  local- 

ized areas without  general distribution,   collect   in  the small 

peripheral  veins or capillaries,   and are extruded  Into the venous 

return by   local   blood   floy or compression of   the  tissues. 
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4. The Prccordlnl   ultratiunic  blood bubble detector  senses  venous gus 

efflboll   (vge)  which arrive  from any peripheral   vein.   It  has  the 

advantage over  any  peripheral  bubble detector,   whether detecting 

moving or  static   bubbles,   in serving as  a whole  b.jdy  monitor of 

decompression vge,   regardless of  their  regional   source. 

5. The direct deconpresslon limits for man breathing hyperbari: air 

has been experioentally established in objective terms of venous 

gas emboll. These limits will be useful in testing the adequacy 

of any decompression model and serve as a guide for the develop- 

ment of safer and more efficient decompression tables. 

6. Vge are frequently produced  in hyperbarlc chamber exposures of 

the U.S.  Navy  cables of exceptional  exposure over  150 feet of 

sea water pressure. 

7. The "long pull"  first step in decompression from 200 ft/30 minutes 

exposures does not produce more venous gas emboll   than a shorter 

step utilized   In  the older Navy tables. 

8. 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  source which  frequently produces  the  first  detectable 

bubbles. 

9. It appears  probable  that  diving trainees may  be  selected,  at 

least   in part,   on   the basis of  their  susceptibility  to vge after 

hyperbarlc  exposures. 

10.       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. 



Relationship of Venoun Ca« Emboll to Bend» 

1. DecompreBslon vge are detected ultraitonlcally before s/nptoms 

of decompression Illness develop.  Decompression Illness hat. 

never been observed In our laboratory before detectable vge 

are found In the pulmonary artery or In peripheral veins. 

2. 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. 

3. Those subjects prone to develop vge In chamber exposures are 

the same subjects whora are more likely to develop bends following 

open water exposures. 

4. The human brain and other body tissues can tolerate hundreds of 

doppler detectable arterial gas emboll without producing clinical 

signs or symptoms. 

Treatment of VGE and Bends 

1. Vge signals are dissipated by recompression with or without oxygen 

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

or oxygen therapy. 

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

tive In dissipating decompression vge and bends ca^r^d 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. 
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2. A technique was  fuund aaong Oahu m.afood dlvar« allowing the« 

to shorten urfece Intervale conelderably on repetitive dlvee. 

which Involve« their conalatent uae of the shallow water dive 

as the final dive of the day. 

3. In Haul black coral divers, we daaonstrated that vigorous exer- 

cise at depth reduces the regional propensity for vge In the 

exercised arm. 

4. Vge are detectable in asymptomatic breath-hold divers follow- 

ing repeated and frequent  excursions to  IS meter»  of water depth. 

Special Animal Finding« 

1. Sheep have been establiahed as a useful animal model  for man in 

studying blood bubble formation following hyperbaric exposures. 

2. Vge,  in sheep, may persist for 72 hours without signs of decom- 

prebsion illness. 

3. Sheep studies indicate that nigrogen vge do pass  the pulmonary 

vasculature if intravenous nitrogen is injected at a rate exceed- 

ing 0.015 mllliliter per kilogram per minute, and  It  the pulmonary 

systolic pressure rises above 33 on Hg. 

4. Air injected for 10 minutes at rates which do not produce arter- 

ial gas emboll in sheep will be passed across the pulmonary vas- 

culature upon compression to 100 feet sea-water  pressure. 

Instrumentation 

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 surgically implanted cuffs. 

Several schemes for counting doppler blood bubble signals have 



been   lnv«BUt«ted,   Including Che phaie   lock  loop,   thr   IHM&P  K«ld 

Doppler  Flowaeter,  «■ well  an varlou* band pasted cero croiiHlng 

technique«. 

3. Unique  InscruaenCaClon in hypcrbaric  facilitlea has been developed 

over the course of these  studies,   including a aethod of  calibrating 

and evaluating decompress ion Meters  in the field. 

4. A dual-lead low capacitance radio frequency Isolated through-hull 

has been developed which  is  isolated fro« the chaabcr shell. 

5. We have devised and put into operation a rate-of-change  indicator 

to assure «ore constant and controlled rates of "descent" and 

"ascent" during hypcrbaric chaaber experiaents. 

6. A aethod of lighting hypcrbaric chaabers froa external port- 

focused leaps has been developed. 
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DOPHLER ULTRASONIC  UETECmON OF VASCULAR CAS  EMBOLI 

A.        HISTORY 

Respiration in hyperbarlc «taoBpheres  requires protection  from oxygen  tox- 

icity.    This  is conveniently provided by dilution of  the oxygen with mixtures 

uf "inert" gsses.    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  harm  if partial pressures do  not exceed narcotic  levels.     During decompres- 

sion,  when the pressure gradients of  the gases are reversed,  the  inert  gases are 

prone to evolve  from 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 emboll.     Its usefulness rests primarily on  Its objec- 

tivity,  simplicity of operation,   its adaptability for transcutaneous and non- 

invasive detection and its reliability   in detecting venous gas  emboll   (vge)  before 

development of  decompression  illness.     As a  research tool,   the  ultrasonic   blood 

flowmeter can be used to elucidate  the  events  related   to bubble  nuclcatlon,  cir- 

culation and dissipation.     Special  modifications  that   uinke   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 ralsson workers. 



Tbc  UN« of  doppler ultraMoun«!   for bubble detection   In an appllcAtlon (>f 

the doppler  ultraeonlr blood  flowMter  firet  proposed end deaonetrated  to be 

useful  for  the cerdlo-vescular syecea by  the Japeiese worker,  Satoaure,   (19)7). 

In the United States,   this technique was   Introduced by Franklin,   Schlegal  and 

Rushacr,   (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  froa aovlng acoustical   interfaces.    When coapared with the  trans- 

altted frequency,   the backscattered  frequencies provide the different  frequen- 

cies which are  in the audible range.     Aa a blood flowaeter,   the   interfaces are 

priaarily blood cells and the  received doppler  shifted  frequency  spectrua  is 

interprctable as the velocity distribution of  flow streaas under  the ultrasonic 

beaa.     In the case of notions of  the heart and vascular walls,   the  interfaces 

are  represented by the walls of the heart chaabers and blood vessels. 

During the course of early atteapts  to calibrate doppler flowaeters  in 

vitro,   inclusion of aicro bubbles  in the blood, ailk or other partlculate 

fluid produced annoying artifacts as they passed the transducer.     The best 

calibrations of doppler flowaeters  are now produced by comparison with siaul- 

tane^LS electromagnetic blood  flow  recordings. 

Ail  surgical  doppler  flowaeters serve soaewhat as blood bubble detectors, 

but  transcutaneous  instrments possess several drawbacks.    Among  these  is  the 

tendency of bubble signals to overload the electronic circuits.     A wide dynamic 

range  incorporated  in the  IEM&P circuits  circumvents this problem.    Also,  most 

previously available doppler flowaeters used very small crystal  elements  in 

their  transducers because larger crystals possessed low  Impedances which were 

difficult   to operate with simple electronic  scheaes.    The  IEM&P electronic  cir- 

cluts 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  Improved slgnal-to-nolse  ratios 



has mtrrlally laprovfü the bloud (low mi-.itu r .IIR Mbllitlftt of dupp^T til t ranunlc H . 

Other doppliT blood tlowncti'r udvaiueH In thin IiiHtltutt* have, by their «BCOCI- 

atlon with the blood bubble detection problea, taken place nore rapidly.  TheMe 

Include Ringle crystal operation; »olutIon of the problem of variation ol trann- 

ducer frequency by une of plug-In cryatal oscillator» which ulno provide a more 

■table frequency; the uue of Integrated ctrculta; a better underntandlng of trans- 

ducer dynaalcs; and Improved flow calibration teuting by expert use of the square 

wave electronagnet1c blood flowmeter. 

The first use of the doppler ultrasonic flowmeter for objective detection 

of circulating decompression gas emboll moving In the flow streama of the larger 

arteries and veins was that of Spencer and Campbell, (1968). Cillis, Peterson, 

and Karglanes, (1968,) following our lead, reported similar findings in swine. 

Circulating gas emboll were also found at the time of open-heart surgery in the 

cardio-pulmonary by-pas« 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 emboll were obliter- 

ated by hyperbaric recompression, but arterial bubbles without adequate treat- 

ment caused death following convulsions and unconsciousness.  Venous gas emboll 

(vge) signals are shown in Figure 1. 

Early attempts to demonstrate venous gas emboll in human subjects, (Fig. 2) 

on exposures and tables producing positive results in animals, were dissapolnt- 

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 

NORMAL 

200' PRE ASCENT 

8kHz-

BUBBLES 

v 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 10MHz doppler unit. 



have bhuwn that   the  quallcy of   luud click«,   ttuch ait  hoard when   llütvning on 

Cttapbi-ll,   are  produced  either  by   large bubblea ur  by  aon-üptlauil  puBitlonlnK 

of  th«  tranaduter.     A 60 decree angle with   the  bloud  vemu-l,   rather  than a 

sure acute angle,   allowa the developaent  uf more caally recognized whlatlea 

and chirpH.     The  aecond   Inatance of  human  blood  bubble  aignalti 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 feet  and  following decompression,   according to the l.S.  Navy Manual.     After 

the subject  developed a mild muscle pain and redness of  the skin of  the  right 

upper arm,   the brachial vein was  found to  provide many gas embulic  signals,  while 

the  left arm was asymtomatlc and yielded  no embollc  signals.    After recompresslon 

to 60 fsw,   the embollc  signals entirely disappeared along with the pain and  redness. 

At this  time,  we fully realized  the necessity of developing a precordlal 

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  relc se  into the larger veins. 

A suitable detector was designed by M.P.   Spencer,  and the large crystals  in  it 

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 



B.     THE  PRECOKDIAL C^S  BlBüLUS DETECTOR 

The Trannducer 

The original  Spencer   Prccordlal   Trannducer, (Fig.   3)   In u«e  Hlnce   1970, 

consists of  two 4  Inch square piezoelectric crystals  separated  1.3 cm and  til- 

ted at a  13 degree angle so  that  the ultrasonic  transmitter and  receiver beams, 

(Pig.   4)  cross   In a  region 3 to 7  centimeters distant. 

The essential advantage of this transducer   is  that  It covers a  large  tis- 

sue volume at   its  focus,   so that positioning  Is  less critical and there  Is more 

assurance that  the vge.   If present   In the  pulmonary blood, will be detected. 

Since  ehe directional  properties of a piezoelectric crystal are  the same when  It 

is receiving sound as when it  is transmitting it,   this geometry defines a sensi- 

tive  region shaped as a rhomboid having a  rectangular cross section.    As the 

sensitive area  for this transducer lies well below rhe surface,   it eliminates many 

large clutter  signals  from the motion of   the outer wall of the heart and enhan- 

ces  the blood  flow aw* 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- 

cies  toward   instability  that  it could not   be depended upon to remain tuned. 

Moreover,   the   slgnal-to-nolse  ratio seemed   to vary   In a  random manner.     Under 

United States Navy contract number N0O014-72-C-0O95,   these difficulties were 

remedied.     The  first  modified version of   the original   "model A",   incorporated a 

redesigned  transmitter,   designated "model   AB".     A completely  redesigned unit 

called "model   B"   incorporated redesign of  both  transmitter and  receiver. 

Redesign  of   tie   transmitter   in "model   AB"  consisted of   replacing  a   single 

11 



w 

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

Fig. 4. Schlieren picture ot radiation pattern of deep 5 cm focus 
of crystals. 
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trunulHior   In  the "mulol  A" with a  fluid effect   tramtlutor UHCI 1 Utur which wait 

mcirv  »table   In  frequency   than  the  Hlngle  t raii;» Intor  of   the   "n>i>ilel A".     The buffer 

unpllfit-r   following  the oncillrttor preMented a conMtunt   load  to the OHclllatur, 

and accumaodated great   variations  In the  lead   length of   the  tranuducer.     Changea 

In electrical  characteribt ICH cnuned by mechanical   loading changeH do uot  affect 

the  redealgned  tranboltter which can,   In addition,   be  tuned easily and smoothly 

across the  frequency   range of  a variety of   tranuducera. 

Redesign of the receiver produced "model B" (Figs. 5 & 6), and was aimed at 

eliminating sensitivity to lead length and tuning instability. It was concluded 

that instability of the "model A" lay in the use ol 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 field of the coils to their ferrite cores and are well shielded. 

The use of  the colls has eliminated the regeneration and stabilized the receiver. 

An additional  feature of  the  redesign is  the natching 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  la   30 ohms,  modern test  equipment   is more applicable  in construction, 

maintenance and  repair.     Also,   since standard  coaxial  leads have a  50 ohms char- 

acteristic   impedance,   lead  length  is not a critical  factor  in practical use.     Hat- 

ching of   impedances also  improves the  signal-to-nolse  ratio of  the  receiver and 

increases  the efficiency of   the oscillator. 

Matching  the Ultrasonic Crystal   Impedance 

To  accomplish  the   50 ohm  impedance advantages,  we   incorporated a bipolar 

transistor   in the  grounded  base configuration  a:   the   input  of   the  receiver. 

This transistor  has an   Input   impedance  inversely  proportional  to the collector 

current.     An additional  advantage   In using  the   bipolar   transistor   in this; grounded 

base configuration  Is  that   it  provides the systt-m with  better high  frequency Char- 

it 



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. 

id 



<t<-CerlHt li'H  ilmn  nuroally  achlevt-'d   In the uuiutl   grounded  rmliii-r clrculCH, 

Th«? Hfcond  maKf   it.  a t-unvtMit luttnl  rcMUtancu  tuuplvd anplifler,   fdllowcd 

by one  utage of  cattcade which,   In  turn,   IN  followed  by  an valuer  follower buffer. 

The   receiver  of   the  "model   B",   an  a whole,   hau   leHH   gain   than  tie  "model  A"   rece- 

iver,   but give» better overall  performance.     Figure   7  reprebcnta  the circuit  of 

the "model  B" electronic«.     1igure 8 representu an electrical oodel  of a piezo- 

electric crystal. 

To match the  tranaducer  to  50 ohms, we made une of  a mathematical cut-and- 

try procedure.    After   the  probe  is constructed,   the  crystal's active  frequency 

is 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 impedance in polar  form: 

Z - Z/0 

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 ad^ad 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 seep- 

up circuit configuration  is necessary,   (Fig.  10).     The  inductance  is added first, 

its  value being  selected  by experience.    For example,   let   .5 oicrohemy  be added; 

this  has an  inductive   reactance at   5 Megahertz of  15.7  ohsi&,  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   is 6  -   .037 -J.C39.     Since  the  -J.039 can be  cancelled 

with a shunt  capacitor,   the  resulting 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.      8.      Schematic   diagram   of   equivalent   electrical 
circuit   representing  a   piezoelectric   crystal 

Fig.  9.     Polar  impedance plot  of  a piezoelectric  crystal.   R ■ 
radius,   8 "  the angle as measured  from  the  axis,   fl-11 
frequencies  at  selected measurement  points. 
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but «ay» a   larger one  should b« used.  InHtvad ot   the .'>  nlcrohenry Inductor, let 

a .75 microhenry inductor be placed in »erien with the cryotal.  TIIIN gives a 

■erica iupedance of 12.8 / J21.3, or a shunt admittance of .0207 - j.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 J.034A, which 

at five megahertz is .001 microfarads, leaving a transducer with a matching net- 

work having at five megacycles an input impedance of 48.3 ohms of pure resistance. 

If the real value of the transducer impedance is too large, the procedure 

is exactly the reverse: a capacitor is added in shunt with th; 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 illustrates a detector whose 30 ohms matching 

network is incorporated on its backside. 

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 improvement 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 is such as to 

gi/e total reflection, the pressure upward from the bottom of a dish of water 

Cowards the surface produces a slight elevation in the surface of the water. 

Tht* 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 

18 
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at the point where the ultraiionlc beam Htrlket the tmrfacv,   (Fig. 13). 

In pr.u t'i ••, the method was refined by the following procedure: the dlah 

of water wan replaced by a muill aquarium with parallel plate glaa« Hides.  A 

sheet of rul.-d (graph) paper, to make a grating, was illlmlnated from behind with 

a lamp, and the Image of the paper was observed as It was reflected from the 

water surface, (Fig. 14).  This procedure Is Improved considerably by deeply 

coloring Che water so that the only image seen when looking at the surface 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, (Pig. 13). 

The visibility of the distorted pattern can be further enhanced by ampli- 

tude modulating 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. 13 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 uae of oscilloscopes, 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 

combination 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 In 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 Is found 

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

JO 



Fig. 12. Variable focus doppler ultrasonic transducer 
matched to 50 ohms. Matching network is 
visible on the backside of the transducer. 

Observer 

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. 



Graph Paper 

Eye 

Dimple 
(exaggerated) 

Fig. 14. Improved dimple test using graph paper rulings projected 
on the surface of the water. 

Fig. L5. Resultant dimple image using improved test. Maximum 
disturbance of reflected parallel lines represents area 
of resonant frequency. 
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and au ituctfHulvt* l.iyiiu of cloth arc adtlcii, n  tlilikiu-i.M of cloth layertt will 

br achieved whore the ulKnal fadcit out coapletely.  The hunt  doppler unit 1M 

the one requiring the greatest nuaber of layeru of cloth to bring the signal 

Juat to the point where It In lout In the receiver noltie. Difficulties are en- 

countered with decay of the cloth, but over a short period of several days, one 

■ay compare several units 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, (Flg. 17). 

If the speaker Is set In motion, the driving frequency will be heard In 

the receiver output of t!ie 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 frequency 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' -i..l;,c.  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 is confronted with decay problems in the fabric.  Further, slnci' 

one nominally selects a speaker driving frequency which best activates the 

speaker in use, and since this will not change, a  repeatable standard Is 

available for testing the doppler units.  The measurement Itself Is made by 

decreasing the voltage to the speaker until the transducer Is no longer able 

to respond to It and all that remains Is receiver noise. 
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UHaftc Technique for the Prccordlal Dgtwetor 

Utilizing an ac-uuHtlcal coupling medlun, the precurdlal arniior la applied 

along the left fflldaternal border, (Kiga. 18. 19 & 20).  To locate thU poaltlon. 

a finger la run along either collar bone moving toward the center of the cheat un- 

til the fing>r reals In a notch at the mldline.  Thla la the aupraaternal notch 

of the aternua; at the lower (abdominal) end of the aternum la 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 midstemal area.  Through this part of the heart, 

«11 of the circulating blood flows on its way to Che lungs. Any venous gas emboli 

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 4-3 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 pflrt 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 embulus sound may "chirp" with a singular quality very 

much like the valve closure signal, but the valve sound is regular In Its 



Fig. 18. Laboratory measurement, of diver using 
precordial doppler following chamber 
exposure on experimental profile. 

Fig. 19. F i o 1 u use of p r i- c v r d i 1 i"p|- ' er . K-bble 
d e t e c t i o n i n s u rf.nccd <! i v e r c o n f i r r. s 
a d v i s a b i 1 i t v of deck d <.• i: omp r r s s i o r. t r >•. i t: n e r. t . 
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occurrence,   .iiul   It'«   rvKularlty will help to  ill11crciti tatc   the  two MlgnaU.     Spo- 

radic  bubble cobull,  wlieo   there  aro few pauülnK  the  uenttur,   arc   Irregular  In 

timing and may occur at  any  point   In the  heart  cycle.     (See  "Interpretation of 

Slgnalu"  fur  further detail».)     UHITM of  the  doppler  are advlaed  to  lluten  to 

many   different   normal   indlvidualu   to both  laml I i/.ar I ;•«.• ami   Matl-.ly  themttelveH 

that   they  recognize   the   range of   normal   heart   Houndu.     Such uderc will   then be 

better qualified   to  recognize  the earlieat and  smallcut  gas emboll  Hlgnalu. 

After  recognition of  clear  precordial  gas t-mbollsm tilgnalu,   the user 

mav widh to    SubHtltute   various  peripheral probes and  listen  to  the peripheral 

vessels to   identify   the   region of  bubble emission.     With  the  peripheral  probes, 

one can monitor  the Jugular,   brachial and  femoral  blood  vessels,  as well  as 

over  the precordium. 

Interpretation of  the Precordial  Signals 

The Normal  Precordial  Signals.  The  left midsternal  border  is 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 nain 

pulmonary artery,   as well   as  the appendap,,.  of   the  right  atrium.     Figure 21   illus- 

trates typical  "dopplergram" precordial  signals  from this  site.     Correlations witii 

the  ECG wave form suggest   these  signals  represent   (P)  contract!'n 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 va've 

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

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  advined,   but   no  harm will   result   from embollzation of   small   quan- 

tities of   gas  to   the   lun^s.     Figure 22   illustrates  a  control  "dopplergram",   as 



Fig. 21. Precordial ultrasonic "dopplergram". Comparison of 
the ECG tracing and the ;iv.dio sign-il representing the 
cardiac cycle. 

CONTROL ? V - r 0 2 

Fig. 22. intravascular carbon d >'••••: Me signals on human precor-
dial "dopplergram". F.-u hveardia at time of passage 
of gas was apparently tiM. to •••;••! ebonsion of subjects 
Upper tracing is elects ardi<.• ;ram; middle and bottom 
tracings .ire "dop;i 1 err.i bandpass at 0.6KHz and 
2-'iKll7 respect ivel;. 



well   nil   the  lilom)   I low  HIKIWIIU  produced by  llie carbun  dloxlJo   au   It   pattiteH  henealh 

the  (irri\-iillal   detectur.     The  rang« of  bubble  noundri  lieurd   Include dUiretc  «queakn, 

ihlrp:i,   CHCWM  and  sore  pru longed  cuarae  aoundH with   large quant It ten of   y,du. 

The   quality of   the  »Ingle   bubble  Mound   la dependent   un   the  angle   lit. pathway nutki-n 

with  the  ultrationlc beam.      If  the  bubble paaaeH perpendicular   to  the beam,  a click 

In   produced;   If   It  paaHea  along  the axis of   the uound beam,   it  produceu  a chirping 

or  whlntllng 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 veHttel 

is  made up of many different  velocities,  varying  in  time with   the  heart  cycle 

or  body motions,  a shower  of bubble signals will  appear  us a  range of   frequencieH. 

If  hundreds or  tuousands  of   bubble  signals are super Imposed,   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 otherwice 

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  dlscernable 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  3 -   Is designated when all of  the cardiac  periods  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  cardiac signals. 

Further details on   interpretation and use of  gas  emboli   signals during 

decompression and  In open heart  surgery can be  found   In Section   I1--"A New Model 
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for Body Tolerance Co KxceitH Inert CUH Hmthodn",  nu  well au  In Che reference* 

cited In the bibliography, section X. 
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C.       rERIPHKKAl. DETECTORS 

The  flrut uccurence  of  vcnuu»  gun embuli   Is aont   reliably Dunltored with 

Che precordlal Hensor because all  venou«  return padties   the  right  ventricle and 

pulmonary artery.     A bubble  ulgnal   in,   however,   JHually  more clearly  separated 

from  the  background blood   flow signal   In  the peripheral   blood vessels because 

the  cardiac motion signals often present u confusion factor.     Peripheral detec- 

tion of  gas emboll   is  possible with special probes available   for   transcutaneous, 

catheter tip or perivascular  implantation.    Figure 2A  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.     It  is operated at  2.5 MHz  for greater penetration,   as well as  to drive its 

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  Illustrate the geometric and ultrasonic  features of a 

dual  crystal  5 MHz probe  focused  to  1.5 mm diameter at   a depth of   2-1* 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 emboll.     Such a det- 

ector   is   illustrated  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 precordlal  monitoring   (Fig.   31),  as well 

as   for  peripheral  arteries  and  veins,   (Fig.   32).     The renter   focus   is  ''.S cm. 
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Fig. 2 3. Extremely large single 1 inch square crystal 
doppler flow sensor allowing detection of 
the deep vessels, vena cava and aorta. 

Fig. 2 4. Dual crystal hinged doppler flow censor 
offers a wide range of focusing angles 
for varied depth of detection. 



Fig. 25. Flat shallow-focus, dual crystal sensor for transcutaneous 
detection of blood velocity and gas emboli. 

Fig. 26. Pencil shaped shallow-focus sensor for transcutaneous use, 
10MHz crystals. (Parks Electronics) 



Fig. 27. Peripheral doppler probe dual-crystal lens focussing, end view. 
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Fig. 28. Schlieren photo of focussing characteristics of epoxy lens probe. 
Upper and lower sections are produced by turning the probe on its 
axis 90°. 
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The ihapr of   the   tranaduccr.   Insofar as whether   it   Is flat  or  pencil-like,   la 

governed by  special  application  features,   such as whether   It   Is   to be  used 

under  a wet   suit  or hand held. 

The  peripheral nonltorlng sites aost  useful for regional  localization of 

embollc  signals are  illustrated 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 sore  recognizable chirping quality of  the bub- 

ble signals,   (Fig.   32).    The peripheral  vein sounds nsy be separated  from the 

arterial,  highly pulsatile signal by  first  locating the artery and  then slightly 

sliding the sensor to the aeJlal aide of Che artery where the quieter,  sore 

continuous and breezy sound of  the venous blood flow can be heard. 

Experience  to date Indicates  that  the nost  frequent sources of decom- 

pression bubbles are the upper and  lower extremities.    One optimal  sequence of 

listening sices  is precordial,   innominate-jugular, subclavlan,  brarhial  and 

femoral.     Several maneuvers are useful  to confirm both the presence and regional 

source of decompression emboli.    Wich  the subject  relatively Immobile  in a stan- 

ding,   sitting,  or reclining position,  and while listening to the  precordial or 

peripheral  signals,  ask tho 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 nucleatlon and can narrow the source down  to  tissues 

of  the  upper or  lower  leg,   foot,   upper or  lower am,  hand,  or to  the abdominal 

organs. 

V) 
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Fig. 29. Three-eights inch diameter beam dual-crystal focussing probe 
for combined monitoring of peripheral and precordial sites. 

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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0.      SURGICAL DETECTORS 

Surgical Implantation of ultrasonic doppler fluwm«ter cuffu allow th« In- 

vestigator to nutasure not only the blood flow In a vein or artery, but to detect 

the earliest possible occurrence and/or nuaber of gas emboll which may be passing 

through the flow stream under study.  Both animal and human applications require 

a variety of perivaacular cuffs which ««et various anatomical requirements.  The 

original type of perivascular cuff, illustrated in Figure 33. is coonercially 

available.  It consists of two styrofoam hemlcylinders hinged on one side, and 

is 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 the same volume of blood enclosed by the cuff. ?or the most accurate 

results, it Is desirable that the crystal be of sufficient width so chat 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 It in place.  This particular design Is especially 

useful for easy application where minimal dissection on the back side of the 

blood vessel Is 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. 

39 



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) 

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. 
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Catheter-1ip detecturH dvulgucd  (or blood velocity flow meaHuremetttii  are 

convenient   to detect   blood  bubbleu.     When  Inuerted   Into   large arterica or 

veins,   some bubblcH may  paas undetected  puHt   the   same  tranHducvr.     It   1»   for 

this reason that   they   hecumf local  velocity  detectors when they do not monitor 

the entire   flow cross section.     Significant   numbers of  bubbles will not,   however, 

pass undetected  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.   33),  and operates any single or dual crystal  transducer 

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

11 



Fig. 35. Single crystal catheter-tip doppler flow sensor with its 
matched bridge completion circuit card. 
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Fig. 36. The Reid-IEM&P C W directional doppler flowmeter capable 
of operating any single or dual crystal transducer from 
2-10 MHz. Multiple units can he slaved together. 
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A  NKU  HODEL  FOR  BODY  TOLERANCE TO EXCl.SS   INERT CAS 

Preaently uited mudelH  fur d«    imp CHHIOO  tablutt were develuped un an elab- 

oration of principles   laid down by Haldanc.     A iierleit  of  theoretical   tUitue com- 

partmenta defined by 4  tloea  to saturation are each conalderod to have their al- 

lowable Hupersaturatlon  tolerance,   the so-called M values.     These M values  are 

tested by exposing  a subject  Co hyperbaric   respiration and a decompression sched- 

ule which  Is calculated   to not  exceed estimated  safe   limits and adjusted   in a 

more conservative  direction  if  bends develop.     Based on experience,  difficulty 

arises in  Improving the model  because the  investigator  must  guess wtilrh  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 uaximum pressure allowable  for all  practical exposure durations  from 

which  the  subject   is  decompressed.     "Allowable"   is 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 Dlrect- 

Decompresslun   (D-D)   Is  used here  to be a more appropriate cenn for what   the Navy 

calls No-Decompression   (No-D).     Our decompression modi-1  can br ixp^r itmut 111 ■• 

developed by   the  "black  box"   concept of   presenting   the  bodv with  a  square-wave 

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

serving :hc output   (the occurrence of  detectable  precordial   gas emholl   signals). 

Once various output   responses are determined   (or a   range of   s'rople  input   exposures, 



they  arv plottfil on Kr.ipli  papcfi   and a  (anlly ol   IMO-Im Uk-iu o  inrvf« urv drawn 

through point H rrprvMt-nt lag  the  NUDC percentagu  Incidence of  vge. 

Th«-  fxp«TlujfiUal    Input   vxpuuureri were   choser.  on   Jus  hasl»  ui   finding and 

delineating  the  gradient   between  no  vge and  no  hciuls,   und   IM)'',   vgo  and   1()()7.   hfiwU. 

The  prenently  re( onmended  USN No-U  table and theoretical   predictionu,  baaed on 

the N. elimination work of   Behnke,   were uaed as  predlctorH of  the   locus of  that 

gradient.     Behnke meaourcd  the cumulative nitrogen  ellmlnatiun of  normal   sub- 

j'icts  breathing oxygen at  one atmosphere,   (Fig.   37).     If   it   is  assumed  that   sat- 

uration of the body  follows  the  same  time constants  under   increased  PN_,   one can 

predict   the contour of   the excess N~ D-D limits  and  decompression  table.     After 

beginning a given  hyperbarlc  exposure at  t   ,   being  yX  saturated  at   time  t     Is 

equivalent  to being  100% saturated at yZ of  the hyperbarlc  pressure.     For example, 

(Fig.   37)   if  a 2:1 overall  excels N    ratio   is considered allowable,  a diver can 

immediately decompress after  29 minutes exposure  to  4 ata because being  507. 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 

is   100% at  2 ata.     For  other allowable tixcess N_  ratios.   Figure  37  provides a 

simple graphic method  of   finding  the D-I)  limits.     The effect of  using alternate 

excess  N7  ratios   is  to   shift   the   limits  on   the  pressure  axis,   but   the  general 

contour  remains determined  by   the  contour of  the N-  elimination curve. 

Other  predictors   of   the  shape  and  position of   the   D-D exposure model   In- 

clude   the  USN   recommendations   for  no-decompression,   (Fig.   38).     The experimental 

datn  of   Hawkins,   et   al    (1935),   Behnke   (.955),   and  Albano   (1960)   is  shown   in  Kig- 

jre   39;   and experimental   animal   data  of  Cillis   (1971),   Smith   (1970),   and   Hemple- 

m.m   (1963),   is   shown   in  Figure  40.     Though  all   of   this  data w.is   based  on   the 

development  of   bends   as   an   endpoint,   it   indicates   severe   limits  which must   not   be 

used   it   a   zero  bends   incidence   is   to  be   required.     The   most   extensive  data of 

Hempleman's goats   indicates   the   1)-!'   limits   follow a   countour   parallel   to   the   '.\ 
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Fig. 39. Human no decompression limits as determined 
by Hawkins, 1935, Behnke, 1955, and Albano, 
1960 compared to the predicted curve 
determined from 1?2 elimination data. 
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«•1 lalnat Ion predicted llnltH. 

We developed our decoapreHMlun model by defining the D-D llnltH ualng ven- 

ou» gaH enbull (vge) Hlgnalii ah an objective «Midpoint, concentrating on three 

widely npaced Hetu of data.  Unly three HetH of data appeared to be required 

becauHe the theoretical limits predicted from N elimination were well des- 

cribed by a circle contour when plotted on log-log coordlnateit. 

Experimental determination of our decompr«HHlon model by the Input-output 

vge method was carried out by testing human subjects In the three widely 

spaced exposures around 30 ft/720 minutes, 70 ft/50 minutes, and 233 ft/7 

minutes. 

Eighteen expert scuba divers, residing in the Seattle area, ranging in 

age from 21 to 37 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 wen- 

obtained, modified and directed our choice of subsequent exposures.  In each 

of the exposures the subjects were resting quietly in a sitting or semi-recum- 

bant position throughout the exposure. 

Immediately before, and for 1 to 5 hours after decompression, the 

divers were monitored with the precordial blood bubble detector for the 

presence of vge.  The pre-dive recorc'lngs gave a baseline with which to com- 

pare the post-dive recordings and also made rertaln 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 5, 10, 15, 20, 10, 40, and h0  minute interval.-; during the first hour and 

at i>  minute intervals during a subsequent h0-100 minute period.  This sequence 

was frl lowed for ')0 minutes if doppler ultrasonic signals of vge were not detfe- 

ted over the precordiura.  Longer monitor periods were used when vj;r developed. 



The precordlal tranuducer WMH pueiltlonvd, an lllutttratcd In Klgurcn IB, 19 

and 20, along tit« isldiiCvrnal border.  Ila focun IncludeH Che right atrlal appen- 

dage, the right ventricular outflow tract, the pulmonary valve, and the pulmon- 

ary artery,  optimum poiiltlonlng In  confirmed by locating the clotiure Bound of 

the pulmonary valve which haa a chirping quality similar to nome vge Hignala, 

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 documercacion of vge signals.  If, during the mon- 

itoring, 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 KHz 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.S 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 Indication 

of their quantity along with the absence or presence and severity of any symptoms 

of 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; Grade one--lndlcatPs an occasional 

bubble dlsccrnable within the cardiac motion signal and with the majority of the 

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

IS 



than half,  of   th« cardiac  cyclaa contain bubble signal«;  Grad«  throM—la dealR- 

natad when aoat  of  the cardiac periods contain bubble algnala,  but  not overriding 

the cardiac aotlon slgnala;  Grade  four—la  the maxlaua detectable bubble  signal, 

heard continuously throughout  systole and diastole of every cardiac period and 

overriding the aaplitude of the cardiac aotion signals. 

Subjects were recoapressed for  therapy  if bubbles occurred  in »ore  than 

grade  three quantitites,  or if bends pain developed.    Recoapreesion treatment   In 

the  30 foot dives was to 60 feet on the U.S.  Navy treatment.     For the  reaainlng 

dives,   recompresslon treatment was for 1 hour at 30 few with Che subject breathing 

100X 0».    In most cases, where bubbles were heard in grade on« or early grade 

two quantities,  Che subject breathed I00Z oxygen at 1 atmosphere until the bubble 

signals diminished or disappeared. 
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B.  RKSULTS 

Chaabcr Expo«ur<;n 

Our laboratory renultd are plotted in Figure 41; the attendant percentage 

of vgc occurrence as well as the percentage of bends occurrence among the ex- 

perimental divers is given beside 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 50Z bubbles rate and 25Z 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 supersaturatlon ratio would be necessary to 

produce 50Z bubbles.  This finding is at variance with the presently accepted 

concept that 30 feet (13.3 psig, 1.9 ata) is a safe No-D exposure for any period 

of time  since we found a coincident 257. 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 ot iso-embollc occurrence follow a log-log 

curvature slightly less convex Chan 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 wo are currently exploring a 25 ft/12 hrs. exposure. Initial 
results on nine exposures has resulted in a 4A7 bubbles rate and 112 bends rate. 
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gas embolism detection as compared to bends 
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Open Water Trtalii 

Plfty-lwo open-water acuba dive« were performed In the iO degn-t- water« of 

Pnget Sound.  TlwMe were training dive« on beglnnerH, and  ranged from 110 feet 

to 30 feet with IS to 70 minute bottom time».  All dive» were lesu than (hoHe 

prescribed by the U.S. Navy No-b limltn except for three dlvi-H, two of which 

were at 70 feet for 50 minutes, and the other at HO feet for 40 mlnuteH.  In 

none of the divers wer« venous gas emboll detected Immediately upon surfacing. 

However, In some repetitive dives following at» initial conservative dive, venous 

gas emboll were detected.  One especially Interesting exposure, on expert diver 

Spencer Campbell, was 80 fr/40 minutes which produced no vge, but if performed 

In the dry chambers would surely have produced some vge In this subject.  Addi- 

tional open water conditions, not present In the chamber. Including Involved 

psyi nologlcal condltloilng of open-water submergence, cold and exercise, were 

of course, present.   ne uptake and elimination of N» Is undoubtedly altered by 

these conditions.  (Additional open-water experience with vge detection Is 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 i»t a depth of 40 fsw (tor a 10  minute bottom time) while the 

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

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

Initial decompression to 70 fsw represents a change of 55! of the total pres- 

sure at depth; decompression to fsw represents a 69>!1 total pressure change. 

Though the percentage difference does not appear to be substantial, it must be 

remembered that the increase of volume, per unit decrease in pressure, results 

In an exponentially increasing spherical or cylindrical diameter.  Cmpoundlng 

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

surface (1 ata) pressure is approximated. 



Many luv»- ttuggeüCvU thai ihc m-wrr tableit, whtU- (iilrali ti-illy brliiKlnK tlu« 

dlvcr cluriiT ID l>i«- Murlacc and therefore In u N.IIIT puHiliun, (iru prudui IIIK 

bubbli-H by the Inlilul "IOIIK pull" which arc then In effect "treated" by the 

extended decumprebslon.  (The older table« removed the diver 10? sooner than 

the new table«.) 

Our flndlngH do not agree with thin suggeHtlun.  lather than producing bub- 

bles, we found the newer table« produced far fewer bubble«.  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 bubble« In one diver (M.P.) and grades 1 and 2 bubbles 

In the other diver (M.K.) on two subsequent exposure«.  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 100% 0  respiration to dissipate and 

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

vein and treated by 60 minutes 1002 0- respiration at 60 fsw.  The other diver 

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

Bubble Proneness 

Table I, which giveb the results of the chamber experimental dive. Is arranged 

according to decreasing order of proneness of the Individual divers to form vge. 

It is clear from this data that two of the experimental divers consistently 

formed venous gas c-mboll on nearly every experimental "dive", while other members 

o( the group tended to be both Sends and bubbles resistant.  On those divers, who 

frequently and roost consistently bubble, there was a clear tendency towards bab- 

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 bibble locations are the tissue beds 

drained by the femoral and subclavlan veins.  We were not suprlsed to find a 

difference In occurrence of bubbles between divers on the same dive, but we were 
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Huprlncd to notr tin- ionrilnti-iu y wlili whirl» uarh dlvt«r tended tu forro bubbleit 

on any border line expottuic located on the llmltb gradient, ht. ueen from Table 

I*, all vge that wen- n-Klunally localized came from the exlrenlth-H with the 

exception of two dlverw, one In whom they were thuught to come from Homewnere 

within the cheat or abdomen, and the other In whom they were localized coming 

from the left external Jugular. On a few occaHlonM, we have been unable to de- 

tect peripheral bubbleü even though precordlal bubbled were much in evidence. 

In no  Instance have we detected arterial  emboll. 

Arterial Paaaage of Air  Kmboll 

In the course of working .1th decompression  related problems,   the question 

has often been  raised as  to whether or not  recompression of a brnt   (i.e.  bub- 

bling)  diver might  pussibly 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, wc catheterized six sheep  ( Desert 

E-Z CVTH 16 gauge,   18   inches)  and  injected 50 cc.   of  air   (5 cc./minute for 10 

minutes)   Into  the  right  heart.     Confirmation of   the  air  passapc  through the 

right heart was achieved via  transcutaneous doppler  ultrasound   precordlal  mon- 

itoring.     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 thin decom- 

i pressed,  agaii. at  60  ft/mlnute,   to  the  surface with decompression stops  for  2 

minutes at   20  fsw and  8  minutes  at  10  fsw.     Decompression was  decided upon  to 

I definitely eliminate  the  possibility of  decompression vge occurring. 

| Continuous monitoring  of   all   animals was made   utilizing  pcrivascular  cuffs 

(Fig.   33),   surgically   placed  around an artery  and   its   conjugate  vein,  with 

I percutaneous   leads  connecti-d  to  the   IKMM'   t In luiyh-lml 1.      Ihe  r 1 <-i t ri>n i< ■. 

I 
*The 150 foot lor 10 ratnutes and the 200 foot for 7 minutes dives were pre- 

liminary experimental tests for conservat'sm betöre U-stinR the 150 ft/15 minute 
exposure because   il   exceeded   the  presently  accepted  No-D   limits. 



(Fig,   36),  wt-re malnlalnuü uulHldc   the chitnbvr  ilirt)iiKli*)ul   llu-  proi't'dur«, 

The paired veaaela nunitured  for   thin experiment  were either   the carotid 

artery and   lugulur vein or   the  renal  artery and  renal   v«*ln.     lit the experiments 

with  renal obBcrvution,   the  pair.il vesHelH were vncupHuluted within a dingle 

cuff. 

Controls were run on  all   animals  prior  to and throughout   the entire air 

injection period.     Although precordial bubblen were detectable  in great quan- 

tities  (grade  3 & A)  during  the air  injection procedure,   no arterial bubbled were 

ever detected during thin  same period.     During the compreBsion 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 ov^r  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 every 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 

occasion,   suggesting  that   very   small   bubbles   tend  to  hang up   in  the vasculature, 

only   to be  freed when  reduced pressure—allowing for   increase   in slze--provldos 

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  bv   the   most  widely   used pneumatic 

S" 



dfcumprcuHlun nn-tir   i»n  tlu-  world  marWi-t   today.     Wi-  have  cul Ihr.itud   iteven "Di'Sanil 1H" 

decumprcbHlon nctcrH   Imludlng om-  new  modrl,  and six which  luivi-  boi-n  uHvd   In  tlu* 

field by   the Black Coral  dlvcrn.     Table   II   lllustrati-s  the   lim«-  cunMCantH which 

we   found   to be  followed  by   these neterH,     Over  their operational   range«,   they 

followed  a  single exponent   description.     For short-water  dives,   the  meters  tended 

to  agree more closely with   the  vge D-D   limits.     The U.S.   Navy  No-D   limits appeared 

more  conservative  In the short  deep end of  the curve,  and   Insufficiently conser- 

vative  in  the long shallow  range.     This  again Is a  reflection of a   linear versus 

a curvilinear log-log  limit. 

Figure  42  illustrates  a plot  of   tlu-  No-bends D-D limits   for air,   graphed on 

semi-log  paper.    Also appearing  there are  representatlonH  of  half-times of  single 

exponent   functions.     It will  be  seen  that   the shorter the  div       the  shorter  the 

half-time   Involved  In a model describing the  function of   the  body   for  the short 

dive.     At   the same  time,   for   long exposures,   longer  time  constants  govern the 

decompression function of   the body.     The DeSanctls 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. 

Hyperbarlc Oxygen Treatment   for   Bends 

In our  experimental   subjects,   bends   has  been  successfully   treated   in all 

cases  by   recompresslng   the   subject   to   30  feet  of   sea  water   pressure   and  causing 

him   to   respire   1007.  oxyRcn   for  one   hour.     The  decision   for   recorapress ion  and 

high   pressure oxygen   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.      I'ain  was    judged   to   he  present    it   developed   to   the 

point   where   it  was   considered   hv   both   the  pliviician  and   the   suhjei t   to  be  of   a 
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TABLE I 1 

CALIBRATION OF SOS DECOMPRESSION METERS 

OWNER METER 
0 

lj TIME 
MINUTES 

REMARKS 

Tl. 24 STUCK AT 2 3 FT MARK 

RS 9U2 26 STUCK AT 32 FT MARK 

DN 11472 28 STUCK AT 29 FT MARK 

JT A-0I86 11 DID NOT STICK 

TS 7491 33 DID NOT STICK 

BO 6195 37 STUCK AT 30 FT MARK 

IEMP 14890 2 5 DID NOT STICK 

'■1 



sufficient   level   to  irqulrr  at    1«'.IM    I  .inplrtiu.   for   relief,      Otlier   t.ul. )••( t M 

have been  re< omprcum-d before bend»  pain  If   griiJe   i <tnd  K«<«d»*  ^ bubble«   HlgnalH 

pcralsted.     Both Hubjeitu,   wlm   have   prevluuHly K""«'  on  to bendH   (ollowli'.K  devel- 

opnent   of  grade   3 and  grade  4  bubbleit,   have   been  treated  before   pain dfVelo|>i-d 

by aeana of  hyperbarlc   ret ompresHlon and oxygen reiiplrat Ion.     TIIIH  procedure 

has  no   doubt   reduced  the  overall   Incidence   of  bendH   In our experiment N ,   but  w.is 

felt   to  be necrBsary  for nafety  of  the volunteer Hubjects. 

From more   than  125 expoHures performed   to date on our experimenfal   diver», 

we  have   treated  11  subjectH with  recompreHslon oxygen  treatment.      In  10  cases, 

arterial   flow  signals were monitored   tranMcutaneously during   the   recompreHslon 

treatment and  no arterial  bubbles were detected even though precordlal  gas emboli 

were  present   In grade 2  to grade 4 quantities. 

In many   Instances,   surface  oxygen hab  been used  to  stave  off   the develop- 

ment of  bends  and to test   it's  effect  on bubble  frequency.     Although  it   Is dif- 

ficult   to quantltate the effect  of  this procedure,   it  is our  distinct clinical 

Impression  that  hyperbaric   respiration on oxygen for   30 minutes will  frequently 

eliminate grade  1  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- 

ygen without   bends  pain,   and  the  subjects  were  released   to  their   homes without 

development   of   symptoms. 

(>J 
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C.  DISCUSSION 

The  ihrec »»»t  widely-used »»ai'lt*   for  dt-t lull Inn of   the direct   decompre«- 

■ lon   Unltfi  folluwlng hyperbarU   In air  ari-  lUv U.S.  Navv No-I)  llmltM,   the 

DcSamtl«  dccofflprvsHlun oetur,   and   llu*   thcuretlcal  onr-lialf   tlracn  and M  vulues. 

Two  additional   nottiodH studied   Include   the  utu- of   tht-  theoretical   piedlctlons 

fron  nitrogen el Inlnat ion data and   that   of   exoer Imontal   UHC  of  objective  detec- 

tion  of   venouH   pun  emboll.     Of   these,   only   the  DeSamtlH  mettTH   individually 

represent   a  specific  nodel.     All   the  othern   represent  more  general   ones. 

The   venous   gas emboll  method  has  been  utilized   In a   tIme-lntensity   dosage 

black-box method,  wherein we analyze   the overall   body  response  to   the  hyper- 

barlc   exposures.     This method  requires   that   the  response  to  the  given   range of 

doses   to an agr't  be objectively detected  and  plotted.     The  dosage  limits are 

in terms of   tine  and pressure,  while  the  response  is  In  the  formation of  vge. 

The method  requires no knowledge of   the detailed mechanisms of   the body's hand- 

ling of  excess   inert  gas,   and when examined over a wide  range and  plotted by 

smooching curves,   provides a practical  nomogram for determining acceptable  time 

pressure dosages.     The vge  time-intensity  dosage model  may,  of  course,   be ex- 

pressed .•   a  series of  exponentials  which  can be  taken  to  represent  a  series of 

simultaneously  acting  tissui-  compartments   and  avoids   the   theoretical   necessity 

of   deciding whether   the model   Is  a   pcrfusion   limited or  a  diffusion   limited  one. 

Any  curve,   out   of   a   family  of   curves,   which   represents   iso-embolic   responses 

may   be   chosen  .is   optimal   limits,   but   we   believe   that   a   practii.il   choice   is   that 

which   represents   .1  minimal   vge   formation  without   development  of   bends.     The   line 

is   somewhat   lower   than   the   J   to   1   N.,   predicted   line   from Ik-lmke's   data. 

'..'hen   compared  with   the  L'.S.   S.iw   No-I)   limits,   the   v^e   (D-D)   model   proposed 

here   is   in   exiellenl   agreement   around   the   point   described  hv  hi)   feet   for  hO 

t. ; 



nlnuCcH  vxpuNU'c,   bu    Imllritt«•»  itiat   the   lungvr  Navv i-xpuHurfH «re  not   -ail 11- 

rlt-nlly  cunHcrvdt 1 vc     In  the  uhorl,   deep expuHuren,   the mlnlm.il   v^i-  no-bend« 

curve   1H  leas coniiervattve.     IW-iaum-,   however,   of   the tihon   abiiolute   t inn- dif- 

ference»  at   the  short,   deep end,  we   believe   that   the conitervatlvuneHM  of   the 

present   U.S.   Navy   llralt»  1» perfcrred  becauMe of   the uncertaintieR   In  p<actical 

operation« of  knowing exactly  the  time  and depth. 

The  DeSanctla   (SOS)  UeconpreitHion Meter definition of   tht   Dlrect-Deconpreaslon 

Units  which  utllizei» a  single  compartment,   appears  to be more   In  agreement   with 

the experimental   vge model   in  the  short,   deep  ranges,   though   It   is more  conser- 

vative   In  the  shallow,   long  term exposures.     An  Improved pneumatic  decompression 

■eter  should  utilize more compartments,   should  provide greater reliability,   and, 

of course,   should be calibrated periodically. 

The major differences between  Che 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 earlier  recognition of mild clinical  bends.     For 

example,  we  have  recorded 25t 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   itching) were  very  mild   Joint  pains and  probably  were  below  the 

level   recognized by  those   investigators.      In  the middle points around   3 ata, 

there   Is good  agreement  between Albano,   the U.S.   Navy,  and the vge models.     The 

Albano model  and   the U.S.  N. vy model   follow a  linear  plot  on   log-log coordinates 

while   the N_ elimination and our vge   limits are  curvilinear  to the   time abcissa. 

The difference   Implies  two  separate  orders of  exponentials,     liempleman's  goat 

data   tends   to   follow .in   iso-bends  contour   parallel   to  the  nitrogen   elimination 

predicted  curve,   (Fig.   37).      The  swine  data  of   Ciills   is   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   doer;  bear  out   our   findings  oi   ,i  gradient   of   iso-bends 



llnctt over the rang? utuUlfJ.  Thf ttwliu- bendri griulliin «(>(»f.ir« tu hi-  wry  broitii, 

ranging «t S.'J ata  trot» OX  for 15 roinuU'i* to Hut for SO mlmiti-n.  The Hhffp vgi- 

data of Smith IndUatfM 100Z vgc on all fxpoHurt-H except thoHe at 7.') ata where 

the gradient appearti to be itn  broad ait that for Hwlne. 

Figure 43 dlttcloHeti our recent flndlngH In »heep, and conparv« them to the 

human direct, decompreHHlon llmlth, (Fig. 44).  Theue flndingti Huggi'Hi that the 

zero Incident line» for vge in sheep cotreupondü to the no-bends line« for bumanit. 

The difference between the sheep data and the human data may be explained on the 

basin of difference In body weight, and when compared to responses of small ro- 

dents, which are highly lomune 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, is a highly useful one, 

so long as this difference is quantitatively recognized. We believe that the 

use of sheep to simulate human responses Is a valid one, and Is certainly better 

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-lntenslly response 
curve on a broad scale basis, widely-separated points. Including 
long, shallow exposures and short, deep exposures which, when the 
data Is smoolhcd, provides greater accuracy within the more fre- 
quently us< (1 middle range. 

3. The model is the first one to utilize a non-bends abjective end- 
point usiii^ precordially detected venous Ras effiboli with doppler 
ultrasound. 

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

(.h 



■).        Tin-   Bodfl   IH  clrlcrmiofd   by   an  ciiKlnctT log  typt«   Input   and   output 
.»ii.il y-i i-i   uftloK a  «quare-wav«   vxpouuro   functlun and nuty be  txtt'nded 
to  both more complicated cxpoHurcs  and  expoaure»   requiring pro- 
loiiK.fd   >ii)d   Htagcd di-i ompr«-»! Ion. 

'>.       The* modil,   albeit  Htlll   not   Hpeclflc,  may  bv Kr.iphli .11 ly,   mathunuit- 
Ically,   electrically or  pneunuit ical ly   simulated and ust-d   to  tent 
the   validity of  nor«*  Hpeclfic  modelu. 

Per ipheral   Furmatlon of  ÜecomprcsHion VCE 

The   limitation of   the doppler method  of   bubble« detection   in   that   it   does 

not   detect   static   bubbleH   in  the   tiBSueH or  blood.     The venous  gas   emboli,   how- 

ever,   appear   to   be dinlodged   into  the  circulation very early after  decompression, 

before symptoms   develop and  therefore,   this  limitation  is not  primarily   important 

in  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  injections 

of  air by means of  small  hypodermic needles under  the pericardium of  the heart 

produces   inraediate 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  precordlal   blood  bubble detector  will  de- 

tect   all   nhysiological   sized  bubbles. 



III. 

DIVING TECWJIQUES  AND  CVCURRKNCK 

OF VENOUS CAS EMBOLISM   IN  HAWAIIAN  DIVERS 

In an effort  to correlate dry chamber  resuitH with openvatcr working exper- 

ience,  we studied  the diving  techniques  and occurrence of venous gas emboll   (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  tine 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 43,  was strapped  to the air tanks and produced a pulse  interval 

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  Hawaii   laboratory by suspending   it   to 

various known depths. 

When the depth sounder was not available   for  the Maul divers,   the divers' 

depth was determined by  continuous 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   1st  study with Maul  divers 

(November,   1973)   proved acceptably close   to   that  of  the depth sounder  used   in 

February,   1974. 

The   IDiftP  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  quantities  were graded  0-4. 

(.S 



A. Oahu Seafood j)l_yrrb 

Oahu HfaJood  dlvtTH   (Klg.  Wi)  w«ire  itlnglt!   7J  It.   tankti wllli  rfnulntcrM, 

preHSurc gauge,   mankti and  fllppiTH and carried  a  apeargun,     Tlu-y ulna carried  a 

1 line attached   to a  aurface buoy HO  that   the  aurface boat   could maintain  their 

exact  position.     They did not UHC  reserve valvt-H,   but   left  the bottom when  they 

* felt  increasing breathing resUtanc«.    W.V.'H   last   three dive »erles  205/11,   ISO/14, 

and 30/13+ demonstrated what we always  found,   that   the   last dive was always  the 

most  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 another day   Is   Illus- 

trated   in  Figure  A7.     Here   the   2nd  dive   Is   the  deepest   and   the   3rd  and   last   dive 

of the day was  shallowest.     Surface   Intervals were   38 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 

M  to 22 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- 

cordial 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  01 was   135/17.   and dive  l>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  * I.     Surface   intervals were 

I 72,   100,   and   35 minutes—Inadequate  by  USN   standards.     Grade 4   VRO were   produced 

after  the  2nd dive,   dissipated after  the   3rd  and  reappearing  in grade  2  quan- 

■ titles after   the   4th  dive.     No  bends was  produced.     Data on  the  precordlal   blood 

I 
bubble detection is shown in Table III. 

(.'I 



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 lb. 
hammer used to dislodge coral at depth. 

7f> 



7 9 
10 31 

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

TMM tot Mtomto* 
) « I I ' • I 1 1 1 1 1! I I u 

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

11 Reproduced from 
best available copy. 
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We concluded  from  these   NtudleM  that   the Oaliu diverH1   laut   dive of  the day, 

always  in shallower water,   served as reconpreimlon K     to  prevent   uerlouH gas 

nucleatlon and bends.     Also  their use of  slow and exponential  ascent  rates allows 

them to  Impose normal decompression procedures.     In Figure  5Ü are plotted  the dives 

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

B.     Haut Black Coral Divers 

Maul  black coral divers working  the channel  off  Lahaina wear  twin 72's with 

reserve valves,  single hose regulators,  pressure gauges,   decompression meters, 

and masks and  flippers,   (Fig.   46).     In addition to a  shark  bang stick,  they carry 

a 16  lb.   hammer,   an   iron handled hatchet and   3 inflatable  rubber bags with a  IS 

ft.   line attached.     They make one  dive per day plummet ting  to  the bottom 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 DeSanctls decompression meter  indicates the 10 

foot stop or until his air supply  is 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 nnde 

250/10,   210/19,   140/13,   140/19,  and  200/19.  All  no decompression dives exceeded 

USN  recommendation.;  by   7   to   14 minutes or more.     Nine out  of  15  known divers have 

experienced paralytic consequences   following oxposures of   this   type.     Figure 49 

illustrates two representative decompression dives,   showing the  rapid descent  and 

fairly constant bottom depth working gradually deeper and   the rapid ascent  rates. 

Decompression  is  taken on  the  coral  bag at  20  feet but   never as   long   i^  recommended 

by   the USN exceptional   exposure  tables.     This  figure   (49)   shows   the difftrence   in 

actual  and USN decompressions. 

Results   from monitoring   25 dives  showed  an  8/12   incidence  of   precordial  vge 

7.^ 



In Che November, 1973 »tudicH and J/H Incidence In the February, 1974 iterleH. 

The February HITICH were »ore comiervac 1 ve will» more derumprcHHlun lime 'aken. 

They were alao leeu cumplelely munltorvd due to unfortunate IOHH of tape datt . 

From the November Merle;,, very completely monitored by M.P. Spencer, two princi- 

pal factors appeared to Influence the Incidence of bubbleu: (1) the time-depth 

factor and (2) individual difference«. 

By additional monitoring of the subclavian and Jugular veins, we found that 

a atartln? propensity for bubbles to arise from toe left arm though all divers 

used their right ara to swing the 16 lb. »ledge while on the bottoir.  Table IV 

further documents this finding. 

Ascent rates are shown in Figure 31 to exceed 120 ft/minute reaching as 

high as 5 ft/second near 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 is 

relatively faster near the surface than at deeper pressures.  Figure 52 illustrates 

a»rents of 3 other divers who 1ft go of the bag before reaching the lurface. 

C.  Suanary and Conclusions 

Professional seafood and coral divers using scuba in the waters of the 

Hawaiian Islands routinely exceed limits of cafe decompress! n recomnended in 

the U.S. Navy diving manual. 

 Oahu divers make repeat dives which utilize a final dive of the day in shal- 

lower water and for a longer period than the previous ones.  This procedure appar- 

ently protects against bends and vge formation by providing prevtntat lv«j recom- 

pression R . 

 Oahu divers als.- "rilize slow and exponential v ent rates which avoid the 

sudden "pull" on the tissue., which is especially important in the shallow depths. 

 Their use of one tank of air per dive provides some limiting of tiisur loading. 
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REPRESENTATIVE PROFILES 
OF 

BLACK CORAL DIVERS 
LAHAINI, MAUI. HAWAII 
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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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Fig. 50. Comparison of Maui black coral diver data with our 
laboratory results. 
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 Haul black coritl diver« make one  12 minute dive/day tu IMS ft., normally 

•■cend at exceedingly faul rates and decomprean inadequately ait judged by U.S. 

Navy atandardi.  They produce frequent vge and HUH tain a high Incidence of pan 

lyala.  Paralynln may be due to lung rupture consequent to rapid ascent rates. 

 Vigorous exercise at depth until Insedlately before ascent may enhance N? 

elimination by means of post exercise hyperemla. 

—The vge Incidence of this open water no-stop decompression (66Z) are In 

agreement with dry chamber tests which Indicate a greater than 50Z Incidence 

will occur for corresponding exposures. 
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IV 

CLINICAL USK OF BLOOD BUBBLE DKTECTION IN OPKN WATER WORK 

The physician caring for decoaprenalun prubleisa with dlvern. caisson wor- 

kers and others chat work In hyperbarlc envlronmvnts now has available an "ultra- 

sonic stethoscope" which detects venous gas emboll developing In advance of and 

during decompression sickness.  Clinical experience with the precordlal detec- 

tor Indicates that early gas bubbles which are dislodged fron peripheral tissues 

into the venous return as emboll on the way tu the lungs may be detected In the 

field where effective action can be taken to prevent decompression sickness. I.i- 

terpretatlon of the bubble signal is similar but less complex than osculation 

for cardiac murmurs.  Symptoms of decompression sickness, except for skin itch- 

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 salt water depth for 15 

to 25 minutes with decompression 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 

Postlet», Portland, Oregon).  Eleven of these dives produced bubbles with a 29Z 

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 developi-d during the 1973 oper- 

ations.  Dive profiles and results are shown In Tablf V. 

J 



r A a .. K 

OPEN WATKK  ÜIVKS 

DIVER 
DIVE  PROFILE 
DAY I DEPTH/TIME 

LENGTH (TIME) 
OF DECO. STOP 

ELAPSED     CKADE 
SURFACE TIME   VGE. RX 

6 
T" 

120/25 

12Ö7T9 

1 S.C.   6 150/20 NA 14 1 10 Mln 100Z 02 (< 1 ATA 
130/24 10 30 1 10 Mln 100X 02 9  1 ATA 
130/20 4 17.5 2 10 Mln 100Z ö2 9  1 ATA 1 120/18 4 24.0 I 15 Mln 100Z 02 9  1 ATA 

1 115/24 6 24.5 "T' 
N.R.   6 130/21 10 16 i 

1 120/25 7 18 r I 120/24 6 20 0 
120/19 4 19.5 1 NONE 

1 B.A.   6 130/20 10 25 0 
130/19 6 13.5 i 

1 120/24 6 12 t 
P.M.   6 130/21 10 12 d 

[ 130/20 4 20 t 1 130/25 7 37 i 10 Mln 100* 02 a   l ATA 
J.E.   1 130/22 6 45 i 20 Mln \00X  u2 9   1 ATA 

f 130/20 NA 15.5 0 
120/25 15 5 t 10 Mln 100% "2 S 30 FSW* 
120/24 6 24 0 

V.R.    6 130/20 10 32 0 
130/15 4 15 0 
120/25 15 42 2 10 M<n 100% u2 S 30 FSW* 
120/24 6 17 0 

f R.U.   1 130/20 4 24 0 
1 130/19 6 22 0 

120/25 6 13 0 
t 120/24 6 9.5 1 10 Mln 100% 02 9  1 ATA 

I 120/18 6 23 I 10 Mln 100% 02 9  1 VTA 
115/24 6 22 0 

M.S.   7 130/24 10 34 0 
130/20 4 21.5 2 10 Mln 100t 02 9  1 ATA 

6 130/20 NA 18.5 0 
120/18 4 20 0 

I 115/24 6 26 r 
1 P.M.   1 130/22 6 28 0 

"BTT 

"97?T 

0 ■ No bubbles 
1 - Minimal detectable bubbles 
2 - Moderate bubbles 
3 ■ Copious bubbles 
4 - Extreme bubbles 

LECEND 

NA Information  not    «vailable 

*     -  Diver» missed  "D"   stop. 
Surfaced,   re-entered  water 
for   IS minute  stop. 

All  decompression stops at   10  It.   depth 

All   time  In minutes,   depth   in  feet. 

All   divers are experienced,   healthy males. 
Eight   additional   dives  were  performed  on   which   no data   is   available. 
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In cont rant, durtng 1971 the nanw dlvlnK o|)t*rat IOHH protlui ed 2 CNS "hit*" 

which occurred after repeat dlveH and required rccunpretiHlon treatment. 

Pour of the 1972 dlverv were aUo nembcrH of the Kxperlmental Diving Lab- 

oratory teas who participated In the Htudleit of deflninR unknown deconpreaalon 

Halts.  Diver S.C., who bubbled most frequently In the chamber dlvco, wan alito 

the saute diver who bubbled most frequently during the open ocean dives.  On the 

other hand, diver .I.E., who never bubbled on the experimental No-D exposures, 

did produce bubbles from 2 water dives, one which followed preHcrlbed decoopres- 

slon procedures and one which did not.  Another experimental diver, 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 wei3 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 agreement 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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ptycholuglcal ccndltlons, etc., and In fact, expected theno varlableit tu conatl- 

tuta the dlffereticca between the two expoeures.  The chamber expoeurea pmtented 

no workload other than reapi-'atlon In a more denae medium, while the open water 

expoaure praaanted, In addition to that above, reatrictlon of the diving gear 

and ita accompanying weight, efforts of awimming in 55 degree Fahrenheit water 

running at batter than 1 knot and In moderately choppy aeaa. 

Rcaulta of our 1'lndinga are found in Table VI.  Two of our dlvera bubbled 

on chamber expoaure while five of them bubbled on the open water dive.  Of ob- 

vloua intereat ia the relationship between the chamber exposure induced bubbles 

and Choaa 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- 

poaurea. The other (two) divers, both of whom exhibited moderate amounts 

(grade 2-3) of vge on Che chamber exposure, produced grade 4 vge with rapid on- 

set of bands pain on Che open water exposure.  Both of these divers were subse- 

quently treated succeaafully with 100X 0 respiration in the hyperbaric chamber. 

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

b« utilized 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 program would not only re- 

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

for the individual diver. 
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TABLE VI 

CHAMBER EXPOSURE COMPARED TO OPEN OCEAN  EXPOSURE 

165  ft/lü mln. 

DIVER        PROFILE ELAPSED SURFACE GRADE VGE 
No-D TIME Chamber Open H2O 

S.C. 

T.L. 

P.McK 

J.N. 

J.E. 

C.A. 

165/10 
165/10 

13 mln. 
4 mln. 

3 

165/10 
165/10 

17 mln. 
4 mln. 

2 

165/10 
165/10 20 mln. 

0 

165/10 
165/10 10 mln. 

0 

165/10 
165/10 12 mln. 

0 

165/10 
165/10 

0 

33X 

0 

83Z 

None 
Table V 

None 
45 min.  O2 (?  30 FSW 

60 mln.  surface 0, 
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SAFETY CONSIDERATIONS 

Th« question of  safety In using the precordial  detector and other ultra- 

sonic transducers on humans has been under consideration since their  first  use. 

Host ultrasonic  applications to huasns have been made before proof  that  they 

would not produce adverse effects.    Adverse effects nay be expected either by 

direct therasl  damage  from the  sonic irradiation or by  the growth of bubbles 

in the tissues and blood.     Of special concern  in divers  is  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, 

2 
has an energy  level not exceeding 10 mU/cm    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 

2 
surface does not exceed  3 mW/cm  . 

Attenuation in  the Tissues 

Any transducer radiating  into an absorbing medium which  is anlfonnly 

homogenous will  have  its   intensity reduced  by  the   Inverse exponential of   the 

medium depth or distance   from the crystal.     This may be   formalized   in  the   fol- 
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lowing equation:   I. -  I       «        where I  -  Intenelty,   I •  Intenalty at  the ausd- a MX '       max ' 

tun entrance, d * depth  In  the aedlum,  and k • :   proportionality conatant.    While 

ehe body  Is far  fro» a hoaogenou« abaorblng aedlum,   the  Inhomogene!tlea will pro- 

duce an additional attenuation by neana of  reflection  from the acoustical  Inter- 

face«.    Each tissue  tends  to absorb ultrasonic  power  to a greater ur  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 of  ultra- 

sonic reflection may be expected at many  Interfaces  such as between the crystal 

surface and the skin,  and between concentration of  fatty,  muscle,  aqueous,  bony 

and lung tissue. 

A conservative estimate of  the  power delivered  to  the  surface of  the heart 

2 
with the precordial  transducer  indicates »-hat  this cannot exceed 30 pW/cm .    The 

2 
subamblent pressure generated by  30 pW/ca   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 

Wliile no one has yet defineu a specific end point  for acceptable,  safe 

tissue ultrasonic  levels.  Wells   (1969)   states  that  biological  effects have not 
2 

been observed at  intensity  levels below 100 mW/cm  .     Intensity  levels varying 

2 2 from 0.05 §W/cm    to 0.001 fW/cm    for durations varying from 15 to 1,440 minutes 

at frequencies from S to 15 MHz have failed to demonstrate tissue damage in ani- 

mals, including fish, amphibia and manmals. A study in human physiotherapy uti- 

lizing 10 minutes duration of  1  to 3 MHz ultrasound  at  varying  intensity  levels 

2 
of <1 to 5 W/cm    provided similar results.     Though  this evidence does not conclu- 
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■ Ively prove  that   tKe pr«Hently utilized  levels ui   ultr<iHotit(   vncrgy are «lufe,   no 

experloMüits utlllzlag  the   levels of  energy which we   provide  Iwive nhuwn «nv   iluaue 

damage  to date.     Ulrich   (1971)  concluded  from u  literature  searcli ntudy  that  expo- 

2 
■urea of  100 pW/cn    of  CU ultrasound were hamlean   for period*   In uxcesa of  three 

hours. 

Cavltatlon Bubblea 

Cavltatlon  in aerated water at   5 MHz  requires  a  power of  5   <   10    Wattu/cm   , 

Heuter and Bolt   (1935).     The sound presrure necessary   lor  vaporoub-typc catlvatlon 

Increases rapidly above 0.1 MHz and becomes as great  as  100 ata at  5 MHz      Heuter 

and Bolt have  shown  the  need  for a power   level   In excess of   50,000 ' .o 

produce cavltatlon bubbler with a   5 MHz ultrasound while only   2   to   . i     .n- 

required in the  20 kilohertz  range.    Cavltatlon  Is  not,   therefore,  a pht     .xircn ( " 

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

Bubble Growth 

Experimental  evidence  indicates  that   the smallent   stable bubbles  have  radii 

of  the order of  5 X  10   '   (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  pertinent.     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      diameter.     It 

would appear,   therefore,   that  a  resonance phenomenon   I»  unlikely  to be   In effect   to 

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

non-resonant oscillations of   the  buuble. 
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B.     KXPERIMKNTAL AND PRACTICAL KXFERIENCF.S 

Ideal exper liaentat lui) callit  fur  th«  product lun of   bubbleu   In  the  tUmu-N by 

ultrasound and determining  tU»   level« at wtiUh  It   IN   inttured  that   the   level  of 

operation  la well  below  thta  level.     Becautte cavitatlon and  HuperaaturatIon bub- 

bles have never been produced by   5 MHz ultraxound,   thin   Ideal  approach  to exper- 

laentation has  not   been neceaaary. 

In-Vltro EKperlaenta 

Our  laboratory   investigationu have never genetated  bubblea or  indicated 

promotion of bubble growth.     Theae   inveatigations,   to  be  sure,  have been prelim- 

inary.     We have energize«' with both 3 and  10 MHz duppler crystals,   positioned 

in column« of  supersaturated  soda water,  and have consistently  failed  to produce 

clouding with  the  laboratory-produced energies well  above  those u;'fd  in our 

experimental and clinical  doppler  flowmeters and bubble detectors.     Five mega- 

hertz doppler transducers,   focused on a moving column of blood,  passing through 

dlalyuls  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 

supersaturated condition,   which produced decompression bubbles heard while mon- 

itoring with  the  10 megahertz doppler.    The  five megahertz doppler was  the.» 

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. 
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Hunan Experience 

Experience with clinical monitoring of more than 500 subjects, studied by 

means of precordlal 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" Is produced, which amount to an 

Itching and reddening of the skin, presumed to be due 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 precordlal 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 posslbllty that bub- 

~ bles are formed at any level in the tissues by means of our transcutaneous trans- 

i 
ducers and the energies used. No cardiac abnormalities have been associated with 

I the use of the transducer, although premature contractions are occasslonally 

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 'nave been available to directly Investigate in detail the basic fac- 

tors, we feel that practical experience and theoretical considerations strongly in- 

2 
dicate that the 5 megahertz doppler units used at no more than 10 mW/cm of ultra- 

sonic energy into the crystal, produce no dangerous effects. It is further con- 

clude! 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 emboll, It Is desirable to corre- 

late the rate of gas emboll 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 precordlal detector does 

not serve well since the bubble signals are often present, but masked by arti- 

facts from the heart motion and blood flow.  Something is needed having a lit- 

tle of the autocorrelation capability of the human ear. 

In-Vitro Signal Generation 

In the present precordlal 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 occasslonal 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 is produced by passing the blood with bubbles through 

a section of dialysis tubing, which is suspended in a bath of water, (Fig. 53 & 

54).  If the transducer of the precordlal 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. 

Fig. 54. Close-up of the transducer 
the flow stream inside the 

monitors 
-neath it. 



tubing, flov- 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 be 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 Rounds, 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 onto and tracking of a coherent signal In the presence of a 
m t 

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 

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

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

I They were again found to agree within reasonable limits.  Further efforts in 
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bubble counting using this  technique should be made. 

The XEM&P-Reld CW doppler ultrasonic  flowmeter (Reid, Davis, Ricketts & 

Spencer,  1973) has been tested with regard to its bubble 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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VII. 

OTHER APPLICATIONS 

Gas embollzatlon occurs not only in diving but also accidently in 

] I many surgical and catheterization procedures,  as well as in traumatic accidents, 

Doppler ultrasonic blood flowmeters provide many possibilities for sensing intra- 

vascular gas emboll in hospital medicine.    The safety of deliberate injection 

of micro bubblss of CO- as well as O2 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 embollzatlon 

(Fig.   56) regardless of the preventative techniques  employed. 

No method of debubbling examined to date completely eliminates bubbles 

I 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 cardlo- 
pulmonary bypass for open-heart  surgery. 
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Fig.   56.   Flow signals  in the  innominate artery before and after 
cardiopulmonary bypass bubble showers. 
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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 caused in the patient presumably because they are de- 

nitrogenated and the brain and other tissues have a great tolerance to mlcroemboli. 

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. 

Deliberate 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 0. 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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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 tissups of 

the body).    To detect the earliest developing static bu'Mes,  such trar.smission 

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 

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

2. 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 emboll  (vge) are detected before bends pain 
occurp. 

3. Musculoskeletal pain has never been found prior to detectable vge. 

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

5. Bubbles-prone subjects tend to produce vge In the same body area regardless 
of the insult. 

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

7. For earliest detection, precordlal monitoring is preferred to peripheral 
monitoring. 

8. After exceeding some critical tissue and blood supersaturatlon state, 
the venous gas emboll  (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. 

9. Perlnherally sequestered venous gas emboll may be dislodged by manipulation, 
promoting early detection and confirmation. 

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

11. Recompression treatment  to  30 fsw with 100% O2 respiration clears vge 
and bends formed by much deeper  initial exposures. 

12. Precordlal  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. 

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

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

15. 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 hyperbarlc 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 

During the past contract year several 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- 

iety meeting in Las Vegas during the May,  73 Annual meeting;  a presentation of 

the 5th International Congress on Hyperbaric Oxygen and other on-slte cemonstra- 

tions to purchasers of the bubble detector. 

Training has also been given our experimental divers such that at th-< 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 thi 

majority of these divers are either assistant or certified diving instructor.?.   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 emboll.   In conjunction with  this,   tt.e 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- 
stlgaticu,  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 demonstrated for an excess of  three hours following return to  (surface) 

atmospheric pressure.    These were dissipated  in a demonstration of surface- 

applied  100Z 0? administered via  an oral-rnsal mask. 

A  taped demonstration was also set up Illustrating  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  tapea were presented  to  demonstrate 

the  various  signals  that  represent  the  gas emboli,  as well as  a  tape representing 

the  time course development of venous  gas emboli.    AdHitional   tapes,   brought 

by   the  participants,  were also presented,  and  observations  and  comments were 

offered  concerning them.     A final   lab was held during which time all  those 

participants  possessing an ONR-purchased doppler were encouraged  to  discu«" any 

questions  relevant  to the more expiditious use of  the doppler. 

>■» 
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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 of  having cleared 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 

given,  with a period following during which questions concerning the doppler 

and its use have been entertained. 

Consulting 

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 present 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 0. Congress,  was an abstract of another paper en- 

titled Objective Development of Decompression Tables tslng 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 Bubble Detection in Diagnosis, 

Prevention,  and Treatment of Decompression 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 

published in Undersea Blomedical Research, Volume 1, Number 1.    These publi- 

cations are listed in the Bibliography as numbers 50,  51,  49 and 36. 
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XI. 

APPENDIX 

HYPiRBARIC FACILITIES OF THE  IEM&P 

Laboratory Space 

The Institute of Environmental Medicine and Physiology hyperbarlc 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 hyperbarlc 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. 

Hyperbarlc 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.   ,   is  double  locked,   triple hatched 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 n* anted 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. 

3 
Primary air supply support for the 205 ft.     chambe • is from a 34 ACFM 175 

psi air-cooled compressor rated for continuous duty  (duty cycle 50% unloaded) . 

3 
Primary air supply for the smaller chamber is a four bottle (220 ft.  ) 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 pressurizing 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. 

3 
The 70 ft. chamber (Fig. 58), likewise double locked with two 24 inch cir- 

cular hatches, is rated at 550 ft. salt water working pressure. It is provided 

with three plexiglass ports and is mounted on skids for portability. It is cap- 

able of administering 100% 0» 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.  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 ft (right) and the 70 ft (left) deep diving 

double lock chambers. 



of the behavior of test Items within the charuber.  Replacement of this glass 

flange with a metal flange allows the chamber to be used at depths to 2,000 

feet 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 (insti- 

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 IEM&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 individual 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 througn-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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