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A 3 year program designed to evaluate new decompression tables for
compressed air workere ic described. Develcpment of tables from commercial
Adiving data is reviewed, along with the general considerations and procedures
ueed to compare these and OSHA tables using buman subjects. Specific metheds
are described for whole body nitrogen washout studies and ultrasonic bubble
detection ezperiments. The authors conclude that little difference exists
between the decompressipn schedules given by these decompression tables and O%5HA

tables; however, the decompression tables are significantly better than the QSHeA
tables since they combine the use of oxygen and stage decompression which have
synergistic effects in increasing nitregen elimination during decompression.
The schedules may be difficult to implement because of sdded equipment costs and
the need to retain calsson Crews. appendices are included which present tables
for oxygen and air, rules for the use of oxygen during decompression of
tempressed air tunmel workers, employee csafety guidelines, inspection check
lists for safety engineers and physicians, and a report and evaluation of the
need for interim decompressicon schedules to replace 08HA schedules for tunrnel
warkers
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SATEZ DECOMPHESSION SCHEDULES FOR CAISS 3 WORKEXRS
NATIONAL INSTITUTE OF OCCUPATIOHAL SAFRYY AND HOALTH
RESEARCH GRANT #5R 01 Gt 00947-03

FINAL REPORT

Intreoduction and Background

In 1971, the Washington State decompression tables fur compressed tunnsl
workers were adepted as the federally enforced code for decompression cof these
workers, Previous experience in Seattle, San Francisco and Milwauvkee, Wis-
censin had not shown any inu’dence of aseptic necrosis in tunnel workers who
deceompressad on these tables exclusively. Thus, it was felt safe to adept
them for national use.

However, on a tunnel job in Milwaukee, Wisconsin which took place between
1871 and 1973, 40 men worked on a compressed air tunnal job at pressures which
exceeded 36 psig. The OSHA code was used on this job having been adopted by
the State of Wisconsin as early as 1570. In 1975, 3 men wvwho had worked on
this contract were discovered to have aseptic necrosis of the bone and on the
basis of this, a NIOSH grant was secured for the x-ray follow-up examninatioc:
of the men o had worked on the contract. Twenty-one of these men were lo—
cated and x-rayed. Seven ¢i these twenty-one ultimately were shown to be
seffrriny from  dysbaric  ostecnecrosis due  to  occupatiounal exposure  in
compresc.d air.l As a result of this stud y, it became apparent that new
deconpression schodules were needed to replece the present OSHA enforced
schedules which had created these lesions., In addition to dysbaric osteo—
necrosis, the federsl schedules also produced an alarmingly high incidence of
decompression sickness

As a result of these findings, two workshops were coavened by the Undersea
Medical Society at the behest of NIOSH to determine the feasibility for devel-
oping interim decompression schedules to replace the present federal schedules
which have been shown to be dangerous. A series of spzcifications were drawn
up for these tables. The cspecifications were as follows: 1. A maximunm de-
compression sickness rate of 5% with non-serious classification. 2. A max-
imum dysbaric ostecnecrosis rate of 4% with chaft lesions only. 3. A ninioum
tunnzl or caisson depth of 112 feet (50 pzig).

The first meeting was held on July 23, 1979 and it was agreed that these
tablus shculd be ceveloped. (Appendix XKI)

Mr. Peter Edel (Sea—Spa o Research Company of Harvey, louisiana) was en-
Erusted wizh the task of ducing computer gensvated new tables based oun 15
years enpzricpee wioh succeusful and unsuccessiul commercial dives as well as
the Tekititoe dives and Javy experience.
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oo filel subszequently preduced these new tables and a second werkshop wan
conven=d by NIOSH at Uolersea Medicual Soclety lheadquarters to ev'lu_Lu the
propezed interim decompression tables. (Appendix XI1T)  On the basis of prelip-
inary approvel of thase mew tables, at least for testing, NIOSH issued the re-
search grant whicen is add-ossed in this final report.
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Starting February 1, 1980 and ending April 30, 1983, these tables were
systematically tested in the labovatory on human subjects to detov-ins their
safety with regard to decompressicn sickness and aspetic necreosis of the bona.

Additionally, quantitative measurements were wmade of nitrvogen whole body
washou: coaparing the OSHA schedules and- the new decompression scheadules, If
more niiv-gen oould be washed out of a subject after decompression on Schedule
A versus Sched:le B, Schedule A was considered less efficient.

A Lh'fd aspect of this project was to determine whether or not ultrasonic
o 2ing could detect asysprtowatic stationary bubbles io humaus and
whethar - not they could be used to quantitatively assess the efficacy or
safety of any given decompression schedule,

e

Two new schedules were ultimately developed, a set of air decompression
tables and a set of decompression tables using intermittent oxygen breathing.
It is strongly advised that the new oxygen deccmpression tables be adopted for
cowmérical tunneling in the United States, These tables are now laheled the
Edel-Kindwall Caisson tables (Oxygen). (Appendix I)

TABLE TESTING

The main thrust of this regearclh project was to develop new decowpruession
t hles for compressed air workers which were safer than the currently enforcud
O3HA schedules. Thie inveolved the computer production of the new tables fol-
lowed by their testiug. NMr. Edel developed a set of a)lﬁb called Autodec II
which were equal to or longer tha: the curreat 0514 schudules and which had
been based on previous commercial diving experience. Autcdec IT was used to
a;—’yze the current OSHA schedules for adequacy (in comparison to Autodec II)
a.-! O3HA tables were graded on a rating scale from A+ through i, A+ being more
T an adcuuate decos rassion with 1 being grossly inadequate, All of the ex—
posares used in Mi:caukea tunneling contracts were ¥ or worse with the ex—
¢ ption of the 7 hour exposure at 16 1bs. which was rated as C, The cxposures
i: exceozs of 36 lbg. were rated G and H., It was oa these latter axXposures
‘that 2-optic necrosis to the bone was noted in 33% of the workmen surveye

! . Edel also de ve’oped a longer set of decompression schedules labsled
futodes  ILI, Autodee IIT used commercial diving data from much longer
schedules than the AuLodec IT version and based on this new information, MNc.
Edﬁ] felt that Autodec II1 would be much safer, However, initial examicatior
of the Autodec 1L and Autoedec ITI schedules pyosented to the labovaiovy in
hﬁ._Jng 1980 showzd that the Auteolec IIT schedules using air for ducom—
pPrecsion were too long to ba commervcially usable, Therefore, even though
there were questions about Autodec IL table adegquacy, it was declded to test

]



these tables with one or two dives at each pressure level from 14 1bs, to 50
Ths, t. see 1f they produced any appreciebloe dncidernce of deconpresaion sich-
ness,  The nunler of Jives schednled to test tables wvaos purposoely linited dn
order to conserve funds. At cach pressure level, we tested the table which
provided the wmaxi: ' amount of time at depth which when combined with the to-
tal decompression tive, fit within an 8 hour werking day. From a practicol
standpolint, thes:‘ are the only tables which will be used in nori:l ficld

operation.

No decompression sickness was produced spot checking the table, until we
tected a table at 34 lbs. One of our sublscts after spendinz 4 hours at 34
lbs. and decompressing in 3 hrs. 59 minutes, suffered chokes appearing thrue
hours after the end of decompraession. As chokes are serious symptoms, 1t vas
duecided thanr this was a demonstration of the Auteodec 1L tables' inadequacy at
prassures of 34 1bs, or greater., Subsequently a second subject worked at 28
Ibs, for 4 1/2 hourg, decompressing in 2 hrs. and 42 minutes., He suffered
gevere pein in both knees and the right shoulder; symptoms first appearing ap—
proximately 1 1/2 hours post decompressioca. In both these instances of decom-
pression sickness, the subjects were relieved promptly on- recompression and

treatment on the U.5. Navy Table 6.

A third subject was exposed to 26 1lbs. psig for 5 hours on Autodec II and
suffered delayed paln in his left kanee. The sane subject after spending 4 1/2
hours at 285 1bs. on Autodec IL did not suffer knee pain but his partner ex—
perienced decompression sickness. These exposures occurred in September of
17491, When this subjeclt was given a routine x»-ray and bone scan on June ll,
1582, rhiere was an arca of increased activity secn In the left proximal tib-
iz, ¥ . X-ray was negative however. Follow-up on this subject carried out on
Juae Zi, 1983 showed that the incyr.ased activity in the proximal left tibia
first noted on June 11, 1987 was less intense than on the previous study. The
reralindzr of the bone scan was uaremarkable. Furthermore, the x~ray taken on
June 28, 1983 was completely nagative for Lune lesions.

Thus, from the f: ning it was clear that the Avtedec I1 tables were in-~
adequate and too st . . It was clear from inspection of the Autodec TIX

tables that an iwmpassc wau reached at e pressure of 20 psipg with a working
period of 3 1/2 hours. Decompression from this exposure required 3 hours 58
minutes, longer than the wo ing time in the tunnel and additionally resulted
in only a 7 1/2 bhour working day. It is impossible to use a caisson schedule
vhere Lhe decoapreafion time is longer than the working time because the da-
coupression or manlock will ke tield vp deconpressing the previcus shift whan
it ds tiwme fov ths followiag ehift to lock out. Thus, bﬂyond 28 psig, Autod

ITL wusi ng
econnmiiarly

wouvld pr

'
cesaion, becomss physically unuorkable as well as Leing
Ciearibles From a standpoint of econeomics, Autodec IT1
to o practical at pressures greater than 18 psig if air
were brezthe uring decowmprescion

The logicel counclusion was that i compressed aivy tunneling is to he car-
ricd oun, the esly feasible vay to accomslish ir is to provide oxyson brueati-

Ing Tor (he worlters during actunl deccupression in the wmanlock. It was for
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thic reason that the oxygzen variants of the Autoedc. schedules were developod,
The advantages of oxygen breathing are enormous. For eraaple, if the wovloer
were to work at &4 1lbs., for 4 houvs and decompress on air, Autodec III calls
for a decompression time of 10 hours and 406 minutes. This of course is un-
accuptable for the reasons outlined above. However the same exposure requires

ornty 3 hov - Z1 mianutes decompression if oxygen is used. TFrom the econunmic
stananoint  his is a slightly shorter decompression thau reguired on the proe-
sent GSHA - -bles fer 4 hours work at 44 1bs., and also, decompression time is

LY

Lless than the actual shift time making it possible to use the same nanlock for
both inceming aud outgoing shifts. However, at the éxtreme limit of the
Autodec 1. oxygen table at 485 and 50 1bs., none of the decompression schedulrs
in _sho ooy than the exposure time even using oxygen. Thus, Tor practical uue,
cospressed air tunneling will have te be limited to « maximws pressure of 46
psig from noq#gn;J From Septeuwber 8th of 1982 until DNoveauber 30, 1982, 27

“dives were made using the Autodec III oxygen decoupression schedules., Thase
tests were conducted at 2 1b.  increments from 12 1lbs, to 40 1lbs. Tables were
tested with 2 different subjects at 24 1bs, and 28 1bs. and with 3 exposures
at 44 1bs. No sympoous of decompression sickness were roported on any of
the schedules with the exception of one subject who spent 5 hours at 34 psig.
He reported pain in his left knee on walking but it was ivnconstent and this
subject had also previcusly had trauma to that knee. Acnothar subject working
at 38 1bs. for 4 1/2 lhours complained of skin itch and a feeling of warinth
below both knees starting 60 minutes before decompression. Ue also complained
of slight ankle :pain on surfacing. This was not severe ciough to warrant
treatwer  as it did not persist and was classified as a nigsgle.

In each case, the table tested was the one which provided the mavimuxn
working time which when comblnsd with decoupression time, produced an $ hour
working day. While the paticnt was c¢rposced at maximun pressure in cach test
dive, he walked on a treadmill at 3 mph on a three degree incline picking up a
5 1b. weight in each hand every tenth step and raising them over his head,
Time spent on the treadmill was 1€ minutes for each working period followed v
10 minutes rest after which the cycle was repeated until decompression o -
nenced. It was therefore coacluded that the Autodec IIT oxygen decowpres: a
tables are relarively safe at pressures up to 45 psig using exposures Lii. .y
to be encountered in commercial compressed air tunnels., At least, during the
testing of thess tables, a serious case of decompression sickness did not
result in aany of our test subiects in the laboratory while crarrying out work-
ing ewxposures designed to simulate couditiuns as they would be ia the actual
tunnel. Because of the prohibitive expens. of doing bhundreds of dives to
develop a bends incid:rce or frequency using these tables, wve canuoet state
what the bends incidence will be when these tables arc used in the field.
lowever, we have been able to rule out catastrophic inadequacy of the tables
and 1f they were significantly worse than the OSIA schedules, or cven as de-
ficient at the present 0SHA schedules, we would have expected to seg wore in
the way of decomproession sickness during their testing.  Also, all our suh-
jects wers purposely unbabituated - rendeving thesm much move susceptihle to
decompression oickness than hebitusted shifr vorkers. TFurthermore, follow—uop
examination of all of the subjects Iuvolvec in theose tests using x—vTays aud



bone egcans taken 6 menaths after the conclusion of the last test, showad nn new
changes or pathology.

it was intended that the Autodszc 1IL oxygen schedules be uvsed on a con—
pressed air job in Clevel:ond, Chio, However, OSBUA dragped its feet concending
the graanting of a variance from August 1982 until January 1983, By that tims,
the 1ob in Cleveland had been completed and it was not possible to use the
tables commercially. It is of note that the contractor had to spend $400,000
in greuting costs to contvol water leakage bscause he was unable to raise the
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Nitrogen Washout Studies

tarting in 1972, this laboratory developed a wmethod for meawuring the
amount of whole body nitrogen that could be washed out of human subjects dur-
ing or following decowmpression £from & diveZ, It was felt that this method
could be used to provide objective avidence of the superiority of one decon—
pression shedule over another without having to rely on the appearance of
overt symptoms.

Materials and Methods

The apparatus used for the vhole body nitrogen washout studies included a
mass spectromgter, a hyperbarvric chamber anmd a closed circuit breathing sys—
tem. The mass spectrometer (Scientific Research Instruments MS-8) was dedi-
cated to 5 gases: nitrogen, helium, oxygen, carbon dioxide and argomn. This
instrument las been f{ield modified to provide measurements as small as 100
parts per million (ome 10Cih of 1%). The mass spactrometer was calibrated
against known calibration gases equilabrated fo chamber pressure immediately
before taking & sample. Calibration gases ware supplied by Mattheson Corpo—
ration of Joliet, Illinois and were traceable back to the National Bureau of
Standards.

Hypevbaric Charl

The hyperbaric chambar was =n 8 foot by 20 foot double~lock steel chamber
capable of 90 psig. The chawber was equippsd with cooling ceile and heating
colls to maintain a confortable tewpsrature during the course of the re-
scaveh,  All of the resecrel apparatns except the nmass spactrowmster and cali-
bration gas bottles was situated inside the iuner lock of this chawber.

Closed Circuit Breathing Syosiem

1) couwld function in either ths closed cir—

cutls T ] closed circuit systen for nitropzen collec. on
CoiL L i iz Collins filled with dﬂg;oﬂ1mdL%]} 50
liters of oxyvuen (S re).  This was connectod in turn with a mount: i:ce,

carpon  dlowxide  absorber containing  Baralyme snd 4 supplemencary  uxygen



. Two threc-way valves In the cyotem permitted opening a portion of the
cenis for byreathinz oxyzen at the besinning of the experineais vhile leaving
v+ ospiremeter isoloe.ed from the subi ct.  Unhis made possible 2 lung rinse.
Ty n?“rogen olicction 5 begun, the subject was switched to clesed circult
: i 2ter. A rhoostat at Lached to the spirometer support whesl and
anected to a digital display provided data on the spirometer voluma,

L"’)C\,\.‘UIL.

Six volunteer subjects ranging in age from 26 to 39 participated in thess
wperivonts, They were < ther scuba divers, scuba instructors, former com~
cegsed air workers or s jects who had previocusly voluntsered for hyperbaric
sudies in this laborator . Some were smokers amd some were not smokers as no
ttempt was wmade to provide "perfect” specimens as the tunnel working popu—
atlon is composed of a broad spectrum of physical types and differing physi-
al conditine. Chambher ‘emperatures were maintainad so that the subjects
ere gubjectively comfort.: 2. Each subject worked on a t 2zdmill during is
uposure to compressed aiy, walking up a 3% grade 2@ a spead of 3 wmph. Every
enth step he was imstructed to raise a 5 pound weight held in cach hand from
' position at his side to above his head. The subjizct walked on the treadmill
or a 10 mlﬂ&;e period followed by a 10 minute resting period. This was to
pproximate a "modevate” work effort throughout exposure to compressed air in
m effort to simulate the work effort of a tunnel laborer.

1a f]_fm Compared N

Ioirially we compared the preser- O0SHA decompression schedules with a
ichar o developed by Mr. Edel labeled Autodec 11 (see Graph I & II Appendix
“Ti;.  Aurciec Il was characterized by having stage decompression as op - sed
(o contilnuous decompression avoiding long periods of time spent between one or
two pounds and the surface. The shallowest stop on Autodec 11 was four pounds.
The Autodec II schedule tested was equal in length to the present 0SHA table.
, because of difficulties encounterved with Autodec II (decompression
L. .35 asnd bone scan activity ia one sulject) theu: tables were abandoned
¢ Autodec IIL was substituted (see Graph 11I). Autodwece III also wis a stage
decompr ssion table using either alr or oxygen. DBecause the air decompression
table was so long, 1t would have proved to be impractical in commercial use,
Trerefore, we opted to use the oxyuen version of the “:todec III scledule,

Tipnwrm=rr -
W ETTOT

Oue final nitrogen washi ¢ studies wei: done cowparing : - OSHA table against
t .- Autoadec III oxygen uchedule. The schedule used was un exposure at 24 1lbs.

5 On
4 hours followaed by decompression eon either the C3HA or the Autedee III
voygen solodule,

Tros=dure

Each subject was conpressed to 24 1bs, in approximataly 3 to 4 minutes for
4 hoveos whiiile the subject worked on the treadmill. Afte  cds the subject was
i Lo elther the Autodec IIT or ChidA wables with a surface

doeconprensed accordi



interval of 5 wminutes., A this point the subject was recuﬂ;farsud to 14 psiz
rinse. Then erch
¢ 3 miautes, 5 min

inukes. Dur ing the

and put on cpen civeuwit o<vgen to -complish a 2 minute lung
subiret wos put on closed circuit cud readings were taken a
ute and < \~Ly 5 winutes therealfter for 4 total of nineiy n
wosuout phase the nitrogen eliminatiou was measured by a digital mass spec-—

trometayv previcusly “rseribed. It must be noted here that preliminnsy studies
done with Autoedec LI failed to show significant differences frem the 05ilA
table., Subjects were vecompressed to 14 1bs. during washout to diminish any

posal>1e capillary blocking effect of nitrogen bubbles and enhance total
nitrogan washout.

Analysis of Peta
We obhtained whole body nitreogen washout profiles for five subjects on both
the 0SHA and the Autodec II gschaedules. Then each subject's profile on the
CiA schedule and on the Autoder 11 schedule was compared. Since cach subject
had at least, one profile from e. :h table, we used The Statistical lodel of Ex-—
:riments Having Repeated Measures on the Same Elements® (ANOVA). (Fig. 12-17,

Appendix XIII)

It was evident that there was no statistically significant difference in
the use of Autodec II im comparisen with the O5HA schedule. This was coun-
firmed with a "p value" of 0.4540 overall, 1In addition, we noted that therc:
was 0o statlistical significance betweesn sgubjects at the level of 00,8081,
therefore, we must assume that tlie use of Autodec I is not more efficaciocus
in tio elimination of nitrogen than the curvent OSHA table. Howewver, it would
appear that the use of 2 Autodec IIL oxygen schedule is superior to the O3HA
schadule in denitrogenation with a "p value” of 0,0830,

b

“Winer, B.J., Statistical Princinies in Dxperimgental Dosivn, 2nd ed.,

¥e Gravw-iill Company, 1974,




ULTRASONIC BUBBLE DETECTION EXPERIM:ENTS

Introduction .

The technique to detect stationary tissue bubbles during and followiog
deconpression using ultrasound tissue imaging wz: first concelived by MacKayg
in -1963 and later put into successful practice by MacKay and Rubissow.”
Those studies were done for the most . -t in small animals decompressed from
dapths as great as 13 atmospheres. In this project, we hoped that we counid
d. wnst 2 the formation of deccmpression bubbles before they produced syap-—
tows in human beings. This would give us, in theory, another method for ob-
jectively comparing the old and new tables for efficiency without reserting to
overt symptoms as our on:.y guide. '

Methqﬁg

After discussion with co—investigator Melton, a specialist in nltrasounics,
the ADR ultrazonic tissue imager operating at a frequency of 5 nlz was se-
lected. The ultrasonic scanner was connected to a strip chart recorder using
2 signal procesgor which had as its function to take the video signal as it
was delivevcd to the CRT screen and integrate the changes in the inmage ele-
ments so thet they could be displayed as a single line chart recording. Initri-
ally, it was not known whether the appesvance ¢f bubbles would lead to an
increase in the number of image elements contained in scans of the selected
tissues or whether there would be an increass in the strength of image ele-
ments contained in scans of the tissues. Depending on which hypothesis was
t:uz2, a suoitable integrator had to be built. Initially, the iutegraitor was
constructe! to detect an increase in the number of image elements contained in
the scan.

Transponder Placemsnt

The placemant of the scan head was the next problem to solve. Motion of
the subjects which would displace the scan head even .lightly during the
¢. “se of an exverimanl could severely alter the readings. We did studies in
vi.tro with chunks of mzat which had been saturated at high atmosphetis pres-
surc and then deccumpressed with the scan hcad coupled to the surface of the
meat usinz a water coupling. We felt that bubbles could be detects! In non-
viable urnt. Therefore, we turned our atteniion to assessing vorious wathods
o placing the s head on the human.  The Oxford gsroup (. adals et al)
had previously used the 4UR machine strapping the scan head to (e antero-

-

oy
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redial thish bur we fouand this method too unsitable te gonerate reprodoecsible
data. We wried apolying the transducer dirvectly to the slkin and then we also

builtc 2 voter-Filled plastic standoff with a thin rubber diaphragm closio; it
1

vhare 1t cested on the skin to "”oid posaible blanking ocut of the eloctronics
by bubblas appearing within the first centimeter.

Experiments were also carried out using a water bath coupling in which tha
atm weas iwmersed but this proved too tiring te the subject even when a cast
was applied to keep the arm steady. Bubbles in the water also produced avii-
fact and ve found that bubhblas d@lso appeared on the «kin surface, The subsca-
pular fat pad wis unacceptable as respiratory movemeut producad artifact.

Finally, we analyzed the cases of decompression sickness in tunnel work-
ers previously treated at this facility and discovered that the vast majority
suffered symptoms in the lower limbs from the knees down. Therefore, we made
individual bivalvad fiberglass casts for cach subject in which a window was
cut over the gastrncnewius muscle. The proba, with vater—-filled standeoff was
appliad to the skin through this window with a mineral oil coupling., This
produced a steady baseline and was tolerable over long periods to the sub-
ject., The transducer was clamped to a steel post affixed directly- to the cast
adjacent to the window to avoid movement, Care was taken so that the skin
contact pressvre was low as we felt that excessive contact pressure might pre-
vent bubble formation in the underlying tilssues during decompression.

Inteﬂrl10f

After the positioning of the transducer seemed adequate, we still got
mixed raaulfs and turned our attencion once again to the intsrzrator. Two new
e

integra: d2signs were made for true integrating bubble counters. Onz design
utilizeg integration followed by sample and hold and the other design incorpo~-’
rared a slowly relaxing integrator. The latter d=sign worked better. The

samnle and hold devices wg#re not canable of holding the integrated Image
ele“-nts of wvalues with sufficient stability whereas the slowly relazing
integrator oparated with the requlslte stabitity (holding time of 1 micro-
second, relaxing time of 5 saconds).

Even with the new instrument which should definitely have been able to
detect bubblis, results ve srill wixed and embiguous, In a critical ex—
perimens, onz of ounr lat t taff members veluntesred to be decompressad

H

hour exposure at 16,3 (54 fr), directly to the surface. He was
vrface for 13 minunes wiile careful recordings were made to de—
formation. There is no gquesticn that bkubbles would be generated
circumstancss. After 13 minutes, the subject was recompressed to
2t) anﬁ placed on oxygen. He sufferad no overt symptoms and the
1is experiment was based on previous work of cne of the co-lnvesti-

gators.
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During the 13 wminute surface intervel, no bubbles were recovded using the
5 HHez ultrasound machine, Thus, it seewmed that the hypethesis tested nega—
tive,

Frequency

At thoo time, we noted that the original work carried out by Macilay in
1963 used 7. mHz. When we had origin:lly purchassd the ADR 5 mlz scanner, we
were teold by the company that the 7. miz scanner head would soon become a-
vailahle, However, =fter ths equipment had baoen delivered the .ompany can-—
celled plans to mar .t a 7.5 mHz tcunsponder. Yhevefore, after 8 months exn-—
perimentation with the 5 mlz apparatus, we chosz to go to a higher frequency
of ultrasound so that backscatter for small bubbles in tissues coul: be in-
creased above the level of backscatter due to mechanical discontinuities
normally present in the tissues. Consequently, a 7.5 mHz transducer was hor-
rowved from the Department of Radiolog: at this institution along with a pulse
receiver from the Medical 'College of Wiscomiin to test the hypothesis at 7.5
mHz, Ultrasound could be used to detect the presance of decompression bubbles
in tissues in vitro. Several trial experiments, in vivo, were undertaken to
test the use of 7.5 wmHz but no bubbles could be detected us ing the new equip-—
ment including a new integrator, We then constructed a 4 cm. water— filled
standoff to view the subcutansous fat pad. PFPreliminary experiments indicated
that bubl es were presént so we decided to execute a third step to souure a
new scan: ¢ capable of operating at higher frequencies. The Ocuscan YL model
manuiact:.aed by Soncmetrics was secured on rental and it was also tried. The
Ccuscan scanner was equlpped with a 15 wmHz scanner head. However, after some
prelininary experiments szemed to indicate subcutanzcus bubbles over the
gastrocnenmius, further investigation shovwed these signals to be spurious. By
July of 1982, we had concluded that ultrasonic tissue imaging of stationary
bubbles was not possible in asymptomatic hnuman beings at  least using the
egaipment we had. At that time, %S had conzluded that if swall bubbles were
to be detected in muscle, ths frequeuncy had te be greater than approximately
16 wlz for bubbles of approximately 5 microns diameter. Tihis calculation was
consistent with our findings to that time with decompression bubbles in vitro.

The results of the above described experiment led to the hypoilesis that
small isolated bubbles in seoft tissues (mostly muscle) do not scatter ultra
sound with more intensity than dees the surrounding seft tissve. This hypoth—
esis was testad in vitro and in vivo for cardiac and for skoletal muscle,by
measuring the average eﬂVelowa . ol detected rt scatter, accounting for atten-
uation of intervening media, and normaiized to the average "bLockscatter” from
a 100% rellector (Miller). Also such measurements were made on isclated small
bubbles (generated electrolvtically using needle electrodes and rulsed power
qOurce) and normalized a2s shown. Bubble cize was estimated from measured
rising velocity in phosphate buffered saline (this velocity was meas ed as a
chanze in ultrasonic pul e echo raige per unlt of elapsed time)

f)
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The measured average backscatter for muscle was approwimately =50 db
{norvwalized to a perfect refleccor) vhercas the measured averape bzckscarter
for isclated bubbles of 40-—50!&;111 ¢.ametor Wus approximately —60 db.  The above
measurenents were mpade using DSmiiz operating frequency (wnuminal). From t
measurenznts the average normalized hackscaltter from lsolated bubbles of 2-5
AT diazeter was estimated to be between =70 db and ~80C db,

These results indicated to us that ultrasonic detectica of small isolated
bubbles in vive within soft tisgsves cannot be readily percelved in B-scan
images because of the inhereat ultrasoric speckle. The basic difficulty thar
thic raises is that the spatial pattern depicted in a Brscan is nobt congrusnti
with the spatial pattern of fundameutal acousiic properties of the object.
Thus bubbles could not be seen on the CRT screen bub they could be detected
electronically, The detucted rf euvelope takes on a Rayleigh distribution for
scatterers,

I3

f(a) = 6’%2 exyp [-'32/(26‘2') J y (1)

where f(a) is the amplitude demsity “unctiom, a is the amplitudz of interest
and o™ is the rms value of the rf signal referred to the detector ocutput. The
average value for this bachkscatter is related too:

i
A=, (/2 2o (2}
where 4t stands for the average value. When a few small bubbles are added
in, g~ changes value ever so slightly:
2 2 2
a\-T --a‘\ + 0 b
where the new rms value< 1s related to the addition of bubbles with an rf

LT

rms valus ¥ ;. Consequently,

a 2 2
fla) = — e} [—-a 2 & :I . (4
{a) PR /I (2gn ) (4)
Now by assumning we can nmeasure the frequency at which the detected signal
either exceeds or falls below a given value the measurements will fellow one
of two cumulative fupctions, F:

(3

-

For x<a,

2, 2.9
Fi(x) =1 - exp {:—-x /(2 Cﬁ",i. )j ; (3

The quastion ariscs: at vhat values of = will these measures2onts have the
g7 rlest seasivivity Lo changes  in J 0 or more  specifically &7 Thig
quastisa s answared by caking the dervivatilve of the cumulative functions with
reoceecn Lo G oand finding values of x for the extrema. Cousequently ome
finds that twe conditions are defiped: w approaching zero or ¥ approaching




infinity, Th- latter condition is readily elizinat ! hecause iastryrwseats have
amplicude bounds which leaves the fivsy condition as the avenue for mrasurc-
ments.  This condition can be utilized to structure measurements after Eq. (5)

or ¥y. (0). Aga.n amn appreach using Eq. (6) is readily eliwinated to avoid
large wvalues of mep.ire encountered as = approaches zero. This rocess of
elinination brings wu» to one approach, Egq. (3), for measurements o7 the pre~
sence of small isolated bubhles in soft tissue, whose backscatter is imbed-

ded i. ihe backscattes from the surrcunding soft tissue.

The block diagram the instrument used for measuriag the frequency of
occurrence as givean by .. (5) for x wvery smalli is show: in Figure 2. The
video t-ken from the scc -.or was amplified znd fed to a comparator. Its cutput
was hig. when the video eucesiod the threshold-set; it was low when the video
fell be »w the threshold-ser The following clocked AND gar. provides the
drive gi.pal to the dintegracor which provide the wmeasure of rthe cunslative
probablllty that the video, %, is below threshold, a. The sgwitching PAM {il-
ter removes thz integrator Sampling — Reset artifacis. The threshold was set
by f/rst measuring the averape value of video (at the comparator input) caused
by backscatter from the calf-muscle. New from previcus wmeasuremsats, the
ratio of backscatter from swmall bubbles to backscatter from muscle, R, can be
found using Eq., (2): ‘

ﬂb (db) = ?:b (db) = -20db  (7y

Having measured .« referred to the comparatsr imput ome can directly solve
for 4 referred to the ccuparator input,

Ay (volts) = 2,-5,14(volts) {8)

These values ve ed some from subject to subject even though the scanner gain
was fixed. This value of 44y was used to place tha threshold-set so that the
output on .2 strip chart recorder f{ollowsd as closaly as porsible the sane
scotes from experiment to experiment, This method of setting threshold allows
simplification of Eq. (5):

- B 2 27
F z |- !
(py) “y / (2d% )_3(9)
A 2
Ay ! (2 dﬁ% )
Alzo recall Bgq. (3):
2 2 2 2 2
S =6~ tgyy =7t T (10)
where N is the number of idzntical small bubbles a- pz is the average ri
intensity scattered by one coch bubble.  This subsriiccion followe Rayleigh's
original formulation which is dome here tvo illustrate the reasuiemant pro—
worrion.  lhus
v o(y /“r‘ (1 ER?)
i /’D 25‘2 : o 2 ) (11)
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Since sz-i‘iz a further simpiification can be made:
n
-z /L(,b"' - I‘ P
Fo{py) = — o, (I~ “ ). (12)
26"
This equation shows that the baseline of the neasurswment is vroportional to:
2 2
L (2a) (13)

Changes from this basaline are proportional to the numbetr and the scattering
strength of the bubbles:
K2 1 2 .
I, e N (14)

Based on this structure for meazuremeuls the net forrstion of isolated zmall
bubbles during decompression is monotonic up to the time when resorption en-
sues as dominant. Congsequently the instrument's output should follow suit; in
this way movemant artifacss can be more readily identified and bubble forma-
tion between the skii-traasducer intevrface can be easily diagnosed.

By September of 1982 it became clear that we had previously set our
threnttold for detecrtion of bubbles of-the order of 20 ro 30 times teoo high and

that the integrater bhad to be furthar modified. Thus, with the thresgshold
saot quite low, although it was feared it might be too sensitive, 4 possible
bazeline settings were contemplated. These correspond to the region of

backscatter applitudes whzie bubble ‘scattering is located.

In Octeober of 1982, we set the baseline for the most sensitive setting
and on October 29th, the first test was wmade. Since con the firct test we had
not had time to establish a formal baseline, we presumsd that the doift we saw
{ir the direc tion of btubble formaticn) was simply baseline drift. Later,
after a second experiment was carvied out with a steady baseline present i:
was discovered that the deviatic:. of the chart recorder print was indeed due
to bubbles,

Seven human subjects were exposed to pressures from the eguivalent of 11
meters to 50 meters of seawater for periods which ranged from 20 winutes to
5.5 houvs, Twelve euperimental trials were wade from which satisfactory r.-
cordiv; + cculd be obtained. With the ultresonic transducer (without i
water—-Iilled stand oif} affized to the right calf of each subject, with nmnove-
ment minimized by & 11 length plastic leg ca«t, a baseline was usuvally
established on the recording graph for 15 to 30 minutes before decompression
Legan,

w

e

It is calculated that the instrumsnt is able to detect bubbles of &
i+ or larger or clusteva of bubbles. The tissue slice interrogat..d

7oom in depih by 3 cw o in lengibh by 2 mwm In width.

4
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Appended ave representative graphs showing bubble formation during decouw—
pression and the suppression of bubbles with recempression.(Figures ©6-10,
Appendix XIIT) Bubbles were unifosmly recorded on deconmpressions froa all
pressures tested when the exprs - re time had been greater thun on2 lhour.
Bubbles could not L. detecy: in short halftime tissues after shorter
exposures even followinz dives to 50 meters.

We now feel that we can dewmoustrate bubbles appearing immediately as de-—
-conpression commences and continuve to grow and that these bubbles are dimin-
ished on recompression. We alse ran studies on 2 occasions shifting the pa—
tieni to- helium isobarically at depths of 24.,2d (80 £t.) and 53 (165 ft.).
On neither occasion did we deiect bubhles following the isobaric shift to
helium from air. However, as wa decowmpressed from these pressures, bubbles
appeared, (Figure 11, Appendix XIII)

In summary, we feel we have developed a2 methed for detecting stationary
bubbles in asymptomaiic humans. The present drawbacks or imitations are sev—
eral: 1, transducer moves-nt must be absolutely avoided or the results cannad
be reproduced. 2. any woveraent of the subject during the course of tha scan-—
ning may result in' the swdden dislodging or disappearance of bubbles as detec—
ted by the .canner. 3. at the present state of development we cavool guanti-
tate or discern the severity of bubble formation or relate the rate of increase
in bubbles to the severity of the decompression.

Further work will have to be carried out to refine this technique enabling

us to use it for monitoring of decompression under practical cond:tions or make
it useful in the development of decompression tables.

Discussion & Conclusions

In our research to develop a szt decompression schedule which would be
superior in removing nitrogen from the body, we ca.ried out 182 actual com~
pression/decompressions.,

The vesults of the nitrogen washout studies from 36 dives based on sta-
tistical analysis, show an insignificant differonce between using 0SHA and
Autodec I1  air decompression schedules (p = 0.4340) in deonitrogenation.
Therefore, th- use of Autodec II zir tablos in place ¢+ the OSHA schedule for
caisson workers would be of little bdenefit viewed solely from objective
evidence. Howavoer, our results on the Autodec IIT {ouyzen) schedule comparaed
to the 0OSHA decoupression schedule did show 2 statistical difference {(p =
0.0850). It is our conviction that progently che Aatodec 11T owygeu table
represents  the best available replacement for the currvent O5HA tables.



Aurodec 11T (ozvgen) coxbiunes the use of 0; and stage decompression, which
we balicve have synsrgistle effects in increcsing nitvogen eli ‘astion during
decompressiom,

Initial reluctance to lupleint the new Autodac TII - 09 zchedule may

7
be encountered for & nuxber of reasous, It will be sliehtly move cupensive
[+ 4 L
for construction cownanies to provide the additional 09 and safety devices
. P 2 ¥
to insure against five hazard., In additionm, ths change in a deccmpressiocn

protocel, like any new protocol, may cause some Iinitial resistauce in (he
training of the tunneling or caisson crews. Howevaer, the advantage of reducing
the unacceptably high incidence of ostegnecrosis far outweighs such considera-
tions. .

It is interesting to note that since 1507, our knowledge of diving physiology
and decompression procedures has lagged, in the compressed air industry, 20
years oI more behind the compmercial diving world. Physiologically Daced

decompression started in naval diving in 1907 was not even attempted in caisson
and tunnel work until 1963,

With r¢ .rd to oxygen decoupression, it has been used in naval diving for over
40 yea::, but its used in caissons (where decompressions tend to be even more
severe)} was not even considered until the present tinme.

Tradition and ignowance have often lain behind failure to adopt more
sophisticated techiology — even when pain and suffering could be eliminared or
decroased. There is a parallel in the diving industry. In 1939, oxygen
tre . ment of decompression sickness was rejected by the U.S5. Navy for general
use, despite excellent experimental results, because of "the fire danger” -
“"oxnygen toxicity” and the possibility of its being used by inadequately trained
personnel. In 1967, oxygen therapy of bsuds becsuiz the Navy Standard (with a
13 times higher succes rate) ucing the same oxygen, the same patients, the
same chambers and the same personnel,

Araropriate instructions and procrdures for tunnel workers using oxygen decon-—
pression are appended to this report. These have been reviewed and approved
in their final form by operating tunnel conivactors — after coasultation with
05HA field inspectors.

The Edel-Kindwall Caisson Tables using oxygen [Autodec ITII (07)] reprz-
sent rne only decomprecssion tables for compressed air workers that have Dbeen
testad in the laburatory bafore being released for use in the field.
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APPENDIX 1

EDEL-KINDWALL CAISSON TABLE (OXYGEN)
(AUTODEC IIL)

DECOMPRESSION ST O P S ) TOTAL
36 32 28 24 20 16 12 8 4 hrs.
3

5/ 3 0 13

0 4

5/ 5 0 14

5/10 o 19

5/10 0 1§

5/15 o 24

5/20 o 29

' 5/25 0 4
5/30 ¢ 39

0 4

5/ 0 0 9

5/10 0 19

5/15 0o 2%

5/20 0 29

5/30 0 39

5/30 0 39

5/30 0 39

5/ 0 0/30 ¢ 39
5/ 0 0/40 0 49
5/ 0 0/49 C 49
a 5

5/10 G 20

5/15 0 25

5/25 0 33

5/30 0 40

5/35 0 45

5/ 0 0/ 40 0 50
5/ 0 0/40 o 30
5/ 0 0/45 0 55
5/ 0 0/45 - ¢ 55
5/ 0 0/50 1 g
5/ 0 D/60 1 10
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APPENDIX T

EDEL-KINDWALL CAISSON TABLE (OXYGEN)
(AUTODEC I11)

1 TIME ASCENT  ( DECOMPRESSTION STOPS ) “OTAL TTHME
to lst , _

hrs. stop 40 36 32 28 24 20 16 i/ 12 8 4 nrs. min.
2.0 5 0 5
2.5 4 5/10 g 20
3.0 3 5/ 0 0/15 0 25
3.5 3 5/ 0 Q/ 25 0 35
4,0 3 5/ 0 0730 0 40
4.5 3 5/ Q. G/40 0 50
5.0 3 5/ ¢ 0/45 0 55
5.5 3 50 0/50 1 0
6.0 3 5/ 0 0/50 1 0
6.5 3 15/ ¢ G/60 1 20
7.0 2 5/ 0 - 0/15 5/50 1 20
7.5 2 ' 5/ 0 0/13 G/60 1 Y5
8.0 2 5/ 0 G/20 0/60 1 30
1.5 6 0 6
2.0 5 15/ 0 o I
2.5 4 5/ O 0/15 0 26
3.0 4 5/ © 0/25 0 36
3.5 4 5/ 0 0/35 0 46
4.0 4 5/ 0 0/45 0 356
4.5 4 10/ © 0/30 1 6
5.0 &4 15/ 0 0/50 111
5.5 3 5/ 0 0/15 5/50 1 21
6.0 3 5/ © 0/ 20 5/30 . 1 26
G.5 3 5/ G 0/25 5/60 1 41
7.0 3 5/ 0 0/25 5/40 1 41
7.5 3 8/ 0 0/30 570 1 46
§.0 3 5/ 0 0/30 5770 1 56

&7

iy

t2
/—’
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APVENDIN T

EDFL~KINDWALL CATISSON TABLE (ONYCEN
(AUTODEC I11)

SEPTH TTE ASCENT  ( DECOMPRESS ION STOPS ) TOTAL TIME
to 1lst
~si hrs. stop 40 36 32 28 24 20 16 12 3 4 hrs. min,
R 1.0 5 Q 6
24 1.5 5 10/ ¢ 0 14
A 2.0 4 5/ 0 0/10 o 21
14 2.5 4 5/ 0 0/ 20 0 31
24 3.0 4 5/ 0 0/35 0 46
4 3.5 4 10/ O 0/45 1 1
2 4,0 3. S/ 0 0/10 0/30 11l
14 4.5 3 5/ ¢ G/15 0/50 1 16
1 5.0 3 5/ ¢ 0/20 5/50 1 26
‘4 5.5 3 5/ 0 8/25 5/60 1 41
M 6.0 3 5/ 0 0/30 80 1 45
4 6.5 3 . 5/ 0 0/35 5760 1 51
) 7.0 3 5/ 0 0/40 5/60 1 56
4 7.5 2 3/ 0 0/ 5 0/35 10/70 211
i 8.0 2 5/ 0 0/ 5 0/60 5/60 s 21
g 0.5 7 0 7
5 1.0 6 5/ 0 0 12
5 1.5 5 5/ 0 0/ 5 0 17
| 2.0 5 5/ 0 0/2G 0 32
J 2,5 5 5/ 0 0/30 0 42
3 3.0 A 5/ 0 0/10 0/40 1 2
) 3.5 4 5/ 0 0/15 5/45 1 17
) 4.0 4 5/ 0 - 0/20 5/50 1 .
) 4.5 4 5/ 0 0/25 5730 1 52
; 5.9 4 5/ 0 C/35 5/50 3 42
5.5 £ s/ 0 0/40 5/60 1 57
6.0 3 5/ 0 0/ 5 0/ 40 5/560 2 2
6.5 3 s/ 0 C/10 0/40 5/70 2 17
7.0 3 5/ 0 0/10 C/45 5/70 2 22
7.5 3 5/ 0 0/15 5/60 5/580 2 3
8.0 3 5/ 0 0/20 5/60 - 5/70 2 52
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APPENDIX I

EDEL-KINDWALL CAISSON TABLE (OXYGEN)

(AUTODEC IIT)

( DECOMPRESSION

40 36 12 28 24 20

2
I
i

5/
5/

o oo O

0/

IS

5/
5/
5/
0/
G/ 35
5 /35

Ut oLn
QO <O

5/
5/
5/
5/
0/
o/
Q/i0

VRV NeNoeNeoRole

G40
0/ 40

5/ ©
5/ 0
5/ 0
5/ 0
5/ 0
0/10
0/10
0/15
/20
0/40
5/40
5/40

STOPS
12 8
5/ 0
550 0/ 5
5/ 0 /10
5/ 0 G/20
0/ 5 0/25
0/10 0/30
0/15 5/35
6/2G 5/40
0/25 S5/40
0/25 5/40
G/ o0 5/60
/50 5/60
- 0/50 5/60
5/50 5/60
5/50 5/60
5/ 0
5/ 0f 5
5/ 0 0/15
G/ 5 0/20
0/10 (30
0/15 51739
0/20 5/40
0/25 5740
0/25 5/40Q
0/35 5/40
5/30 570
5/50 5760
5/50 5/60
5/50 5/60
5/ 50 5/60

)

4

0/ 5
0/15
0/25
0/ 40
5/45
5/45
5/50
5/60
5/60

5/70 -

5/60
5/60
5/70
5760
5/70

0/10
0/ 23
0/35
5/40
5/45
5/50
5/50
5/50
5/70
10/70
5/70
5/70
5/70
5

Fl
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33
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APPENDIN I

EDEL-XINDWALL CAISSON TAELE (OXYGLY)
(AUTODEC ITI)

DEPIH TLME ASCENT ( DECOMPRESSION STOPS ) TOTAL TIM
to lst
p hrs. stop 4C 36 32 23 24 20 16 12 8 4 hrs, min
36 0.5 9 0 9
.36 1.0 6 5/ 0 G/ 5 6/ 5 o 24
35 1.5 ) 5/ C 0/10 0/25 0 49
36 2.0 5 5/ 0 o/ 5 0/15 0/35 1 9
36 2.5 5 5/ 0 0/10 0/20 5/45 1 34
" 36 2.0 5 5/ 0 0/15 5/25 5/50 1 54
.36 3.5 5 10/ 0 0/20 5/40 5/50 1%
36 4.0 4, 5/ 0 0/10 0/20 5/40 5/6C 2 34
« 36 4,5 i 5/ O 0/10 0/25 5/40 5/65 2 &4
36 5.0 A 5/ 0 0/15 5/30 5/40 5/76 3 4
36 5.5 4 5/ 0 o/20 5/30 5/60 5/70 329
L 36 6.0 3 ' 5 0/ 5 0/15 5/50 5/60 ° 5/70 3 49
36 6.5 3 5 0/ 5 5/40Q 5/50 5/ 60 5/70 L 19
- 36 7.0 3 5 0/35 /40 5/30 5/60 5/70 4 49
36 7.5 3 5 0/35 5/40 5/50 5/60  10/70 Lo 34
T 8.0 2 5 5 0/35 5/40  1G/50 10760 40/7C 3 39
38 0.5 9 10/ G 0 20
38 1.0 7 5/ 0 0/ 5 0/10 0 30
.38 1.5 6 5/ Q ¢/ 5 0/10 0/20 U 50
38 2.0 6 5/ 0 0/10 0/15 0/ 40 120
- 38 2.5 6 5/ 0 0/15 5/25 5740 1 45
38 3.0 g 5/ 0 0/ 5 0/15 5730 5/50 2 5
38 3.5 3 5/ 0 0/1¢ /20 . 0/35 5750 2 15
35 4,0 3 5/ 0 0/15 0720 5/40 5/70 250
38 4.5 5 5/ 0 0/ 20 0/30 5/40 5/70 3 5
.38 5.0 5 5/ 0 0/20 5/35 5/60 5/60 3 25
38 5.5 4 S 0/ 5 0/20 5/50 5/640 5/60 3 45
38 6.0 4 5 0/ 5 5/40 5/50 5/69 5/60 4 10
38 6,5 A 5 0/35 S/40 5/50 5/6G0 3/70 4 50
35 7.0 3 5 5 0/35 5/4G 5/50 5/60 5/70 4 55
38 7.5 3 5 10 0/35 S/A0 10750 10/60  50/70 5 55
38 .0 3 5 15 0/ 35 5/40 15750 15/60  8CG/7u & 40



- APPENDIX 1

EDEL-KINDWALL CAISSON TABLE (OXYGENW)
(AUTGDEC IIL)

. DEPTH TIME ASCENT ( DECOYPRESSION STOPS ) TOTAL TL
to lst

~psi  hrs., stop 40 36 32 28 24 20 16 12 -8 4 hrs. wi
= 36 G.5 9 0 g
36 - 1.0 6 5/ 0 0/ 5 o/ 5 o 24
36 1.5 6 5/ 0 G/ 10 0/25 0 49

. 38 2.0 53 570 0/ 5 G/15 0/35 1 9
16 2.5 5 5/ 0 0/10 0/20 5/45 1 34
-5 3.0 5 s/ 0 Q/1s 5725 5/50 1 54
25 3.0 5 16/ O 0/20 5/40 5/50 2 19

" 36 4.0 4 5/ 0 6/10 0/20 5/40 5/60 2 34
35 4.5 A 5/ 0. 010 0/25 5/40 5/65 2 44
36 5.0 A 5/ 0 /15 5/30 5/40 5/70 2 4
e 36 5.5 4 5/ 0 0,/ 0 5/30 5/60 5/70 3 29
35 6.0 3 5 o/ 5 o/ 5/50 5/60 5/70 3 49

~ 36 6.5 3 ‘ 5 0/ 5 S oo 5/.50 5/60 5/70 4 19
36 7.0 3 5 0/35 5/40 5/50 5/60 5/70 h 49
36 7. 3 5 0/35 5/40 5/50 5/60  10/70 4 54
- 36 8.0 2 5 5 0/325 5/40  10/50 10/60  40/70 5 39
33 0.5 9 . 10/ © 0 20
=3 1.0 7 > 5/ 0 0/ 5 0/10 0 30
33 1.5 6 s/ 0/ = 0/10 0/20 0 50
KK 2.0 4 5/ 0 0/ L0 0/15 0/40 1 20
e 2.5 6 5/ 0 0/15 5/25 5/40 1 45
35 3.0 5 5/ © 6/ 5 0/15 5/50 5/50 2 5

- 38 3.5 5 5/ 0 0/10 0/20 0/35 5/50 2 13
38 4.0 5 5/ 0 G/15 0/20 5/40 5/70 2 50

U 38 4,5 5 5/ 0 0/20¢ 0/30 574G 5770 3 5
33 5,0 5 5/ 0 0/ 20 5/35 5/60 57440 3 25
38 5.5 4 5 0/ 5 0/20 5/50 5/60 5/60 345

- 38 6.0 4 5 0/ 5 5/40 5/5¢ 5/66 5/60 4 10
38 6.5 4 5 0/35 5/ 40 5/50 5/60 5/70 4 50
=38 7.0 3 5 5 07235 5/40 5/50 5/60 5/79 4 55
.38 7.5 3 5 10 G/35 5/40  10/50  10/60  50/70 5 5%
38 8.0 3 5 15 0/3.- s/40  15/50 15/60  BO/70 6 40
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APPLNDIX 1

EREL-KLNDWALL CATSSON TABLE (ONYUEN)
(AUTODEC 117)

:mpTH TIME ASCENT  ( BECOMPRESSION STO0PS ) TOTAL TIME
to lst . _
a1 hrs. stop 40 36 32 28 24 20 16 12 8 b hrs.
0 0.5 8 5/ 0 0/ 5 0
0 1.0 7 5/ 0 0/ 5 0/15 0
0 1.5 6 5/ 0 0/ 5 0/10 ¢/30 1
0 2.0 6 5/ 0 0/10 /20 5740 1
10 2.5 5 5/ 0 0/ 5 0/15 5/25 5/40 1
fv 3.0 5 5/ 0 0/10 0/15 5/35 5/50 2
L0 3.5 3 5/ © 0/i5 5/20 5/35% 5/60 2
40 4.0 5 5/ 0 0/20 5/25 5/40° 5/70 3
i 4.5 4 5 o/ 5 0/29 5/30 5740 5/70 3
) 5,0 4 5 0/10 0/20 5/30 s/60  10/70 3
5 5.5 4 5 /10 0/25 5/50 5/00 5/70 4
) 6.0 3 ‘ 5 5 0/10 G/40 5/50 5/60 5/70 4
6.5 3 5 10 0/35 5/40 S/ 50 5/6C  20/70 5
; 7.0 3 5 15 0/35 5/40. 106/50  10/60  6G/70 6
) 7.5 3 5 20 C/35 5/40  15/50  15/60  90/70 6
z 8.0 2 5 5 30 G/35 5/40  20/50  20/60 150/7C 8
) 0.5 9 5/ 0 0/ 5 0
2 1.0 7 5/ 0 0/ 5 G/ 5 0/15 0
" 1.5 6 5/ 0 o/ 5 0/ 5 0/10 0/30 1
2 2,0 6 5/ 0 0/ 5 0/10 0/25 5/40 i
2 2.5 6 5/ 0 0/10 0/15 5/25 5/50 2
2 3.0 6 5/ © 0/15 5/20 5/30 5/50 2
2 3.5 £ 10/ 0 0/15 5/30 5/40 5/60 3
B 4.0 5 5 0/ 5 G/ 20 5/30 5/40 5/7C 3
2 4,5 5 5 0/10 0/20 5/30 5/45  30/70 3
N 5.0 5 5 /15 5/20 5/35 5/60  20/70 b
2 5.5 4 5 3 0/15 5/25 5/50 S/60  10/70 4
! 6.0 4 5 5 0/35 5/40 5/50 5760 5/70 4
d 6.7 4 5 10 0/35 5/40 16/50 10/6C  60/70 6
< 7.0 3 5 5 15 0/35 5/40  15/50  15/6C 100/70 7
. 7.5 3 5 5 20 0/35 5/40  20/50  20/60 150/790 8
N £.0 3 S 5 30 0/35 5/40  30/50  30/60C  200/70 9

o)

-
= = o
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APPERDIX 1

EDEL-KINDWALL CAISSON TABLE (OXYGEN)
(MJTODREC I11)

" TIME ASCENT DECGMPRESSION STOPS ) TOTAL TIME
to lst
hrg, stop 40 36 32 28 24 20 16 17 8 4 hrs., min.
0.& 8 5/ 0 0/ 5 ¢/ 5 0 26
1.0 7 5/ 0 0/ 5 0/ 5 0/15 0 41
1.5 6 5/ 0 0/ 5 0/ 5 5/15 5/30 1 21
2.0 & 3/ © 0/ 5 0/15 5/20 5740 . 1 46
2.5 6 5/ 0 0/ 5 0/10 0/20 5/30 1 26
3.0 5 5 0/ 3 0/15 5/20 5/35 5/50 235
3.5 5 5 0/10 0/15 5/25 5/40 5/60 3 1
L,0 5 5 0/10 0/20 5/30 5/40 5/70 3 21
4.5 4 .5 10 0/15 5/20 5/35 5/60 5/70 4 6
5.0 4 5 10 0/15 5/30 5/50 5/60 5/70 431
5.5 4 5 10 . 0/35 5/40 5/50 5/60 5/60 4 51
6.0 3 5 10 15 0/35 5/40  10/50  10/60  60/70 6 21
6.5 3 5 10 15 G/05 5/40  15/50 15/60 100/70 7 11
7.0 5 10 20 0/35 5/40  20/530  20/6. 150/70 8 15
7.5 3 5 10 30 0/35 5/40  30/50 . 30/8C 200/70 g 36
8.0 2 5 16 15 30 45/35 45/40  45/50  45/60 720/ 0O 19 16
0.5 9 5/ 0 0/ 3 0o/ 5 0 27
1.0 8 5/ 0 0/ 5 ¢/10 0/15 0 47
1.5 7 5/ 0 o/ 3 0/ 5 0/20 5/30 1 22
2.0 6 5 0/ 5 ¢/ 5 0/15 5/20 5/45 1 57
2.5 6 5 Q/ 5 G0 0/20 5/30 5/50 2 22
3.9 6 5 /10 0715 5/20 5/40 5/ 60 2 57
3.5 6 5 0/10 o/ 5/25 5/40 5/70 317
4,0 5 5 10 0/15 5/2 5/30 5/60C 5/70 4 2
4.5 5 5 10 . 0/20 5/20 5/50 5/60 5/70 L 27
5.0 5 5 15 0/35 5/40 5/50 5/60 5/70 5 7
5.5 4 5 10 20 0/35 5740 10/ 50 10/60 50/70 ) 17
6.0 2 5 10 30 0/35 5/40  15/50 15/6C  90/70 7 17
6.5 A 5 10 30 0/35 5240 20/30 0 20/59 0 150/70 s 27
7.0 3 5 10 1540 0/35 5760 30/50 3070 200/70 10 2
7.5 3 5 10 15 ©) 45735 &5/40 45750 45760 720/ 0O 19 27
6.0 3 s 15 15 S0 60/35 60/40  60/50  60/60 7206/ 0 20 37



APPLENDIN I

EDEL~l  OWALL CAISSON TARLE (OXYGEN)
(AUTODEC I11) :

TINE ASCENT ( DECOMPRESSIOH!U STOPS )] T vAL TIME

to lst .
hrs, stop 40 36 32 28 24 20 16 12 8 4 hrs. min
0.5 8 5/ 0 0/ 5 0/ 5 0/ 5 0 32
1.0 7 5/ 0 0/ 5 o/ 5 0/15 0/20 12
1.5 6 5 0/ & ¢/ 5 a/ 5 5/20 5/35 1 37
2,0 6 5 ¢’ 5 o/ 5 0/15 5/25 5/50 2 7
2.5 6 S G/ 5 0/15 5/20 5/30 5/50 2 32
3.0 5 5 10 0/10 0/15 5/25 5/40 5/60 3 i2
3.5 5 5 10 0715 5/15 5/30 5/40 5/7¢ 3 37
4.0 5 5 15 0/15 5/25 5/30 5/ 6 5/70 4 12
4.5 & ) 5 15 0/20 5/40 5/50 5/60 5/60 & 47
5.0 4 5 5 30 0/35 5/40 10/50 10/¢0 10/70 5 42
5.5 & 5 10 30 0/35 5/40 15/30 15/60 50/70 7 17
6.0 3 5 5 10 40 G/35 58/40 20/506 20/60 123775 8 17
6,5 3 5 3 10 60 0/35 5/40 30/59 30/60  180/70 9 52
7.0 3 5 10 15 60 45/35 45/40 45750 45/60 720/ Q 19 47
7.5 3 5 10 15 70 60/35 6L/ 40 6G/50 60,/ 720/ 0 20 57
8.0 2 5 5 10 15 70 60/ 35 60/40 60/50 60/6C 780/ 0 2z 2
0.5 9 5/ @ 0/ 5 0/ 5 0/10 0 38
1.0 8 5/ 0 G/ 5 G/ 5 0/:0 0/20 1 8
1.5 7 5 6/ 5 0/ 5 0/10 0/ 20 5735 1 38
2.0 7 5 a/ s 0/10 G/15 5/25 5/50 2 13
2.5 6 5 .5 0/10 G/15 5/15 5/35 5/60 2 53
3.0 3] 5 1 £/10 0/20 5/25 3740 5/70 3 28
3.5 6 5 15 0/15 5/20 5/35 5/60 5/60 4 3
4.0 5 5 5 20 0/20 5/25 5/5 5/60 5/60 4 32
4.5 5 5 5 30 0/35 5740 10/5G 10/60 10/70 5 43
5.0 5 5 5 40  0/35 5/40 15/50 15/60 60170 6 53
5.5 4 5 5 1in 45 0/35 5/40 20/50 20/60 120/70C 8 1
6.2 4 5 5 15 60 0/35 5/40 30/50 30/60 180/7¢ 9 58
6.5 4 5 5 20 70 45/35 4£5/40 45/50 45760 720/ 0 19 58
7.0 3 5 > 10 20 70 60/35 60/40 60/50 60/60 720/ 21 8
7.5 3 5 3> 10 ac 70 60/35 60/40 60/50 60/60 780/ 0 22 13
§.0 3 ©5 5 10 40 70 60/35 60/40 50/50 540/ 0 300/70 22 38
fred - these tables wore not tested as rbhey are not commerically usable,  The risglh of
“ic. mocrosis to the test subjects (always preseat when testing new tables at high

ure) was not adjudged reasonable on a Tisk-versus—benefit basis. The reason they are not
ie in the ficld is that decompression time exceeds vorking time.
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EDEL—KINDWALL CAISSON TABLE (AIR)
(AGOTDEC I11)

( DECOCMPRESSION STOPS

40 36 32 28 24 . 20 106 12 &8

Ln

L Lbn bnunLn

(Wl

)

10

10
20
30

L 1}
g

45
50
60

20
40
50

&
50
80
G0
160

15
40
60
80
g0
90
100
110
120G
140
150

TOTAL T

hrs.

oo

OO OO oo O

H P RO 0000

PR B R s et b o b OO O O

1=
ot
=1

Pl

min.

24
24
29
39
4G

20
45

25
35
40
50

10
30
AV



T
L

. P
JTHE ASTHNT

to lst.

irs, stop

I~ e
.

[T PO S T P
. . " .

i

LI W o o
« s % 4 a

(VAN
. .

fon
. - s
[ RV B VO & B AN

O ~J ~1 7N
. . s

ot O

O Wt O

- . . N .
oA QO T O

.
O Ul O O

oL Lo L L2 Lo Ly B~

[ R S

WL WL W i o

(

40

AF

27-

PRI

11

EDEL-KINDWALL CATISSON TABLE (ATR)

(AUTODEC III)

DECOMPRES
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APPENDIX II

EDEL~KINDWALL CAISSON TABLE (AIR)
(AGTODEC II1)

( DECOMPRESS ION STOFS y TOTAL Tiu:
40 36 32 28 24 20 16 12 8 4 hrs. min
0 6
10 0 15
5 30 0 4l
5 60 1 11
5 90 1 41
10 120 215
5. 30 159 31
5 40 150 3 2k
5 60 150 4 1%
' 5 70 180 A
"5 an 180 4 L
5 90 180 4 41
5 1G0 180 4 51
5 5 120 240 6 16
5 5 120 249 6 16
0 7
5 0 12
5 10 G 22
5 40 0 52
S -80 1 32
5 15 140 2 47
5 40 150 3 22
5 60 150 3 42
5 70 150 3 52
5 90 180 & 42
5 100 180 & 52
5 15 100 80 5 7
5 30 120 210 6 12
5 30 120 240 6 42
5 40 170 240 6 52
3 43 120 300 7 57
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APPENDIX II

EDEL-KIHDWALL CAISSON TABLE (AIR)
( AUTODEC 11I)

DEPTH TIME ASCENT ( DECOMPRESS ION STOPFS ) TOTAL TIME
to lst.’
psi  hrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. win.
28 0.5 7 0 7
28 1.0 6 10 o 17
z8 - 1.5 5 5 30 0 42
28 2.0 5 5 60 1 12.
28 2.5 4 5 15 120 2 27
28 3,0 4 5 40 120 2 52
2R 3.5 4 5 60 150 3 42
e 4.0 4 . 5 80 150 L2
E 4.5 4 ‘ 10 90 180 4 47
3 5.0 3 5 20 100 130 5
'L 5.5 3 3 30 120 210 6 1z
o 6.0 3 5 &0 120 240 6 52
: 6.5 3 5 Oi. 120 240 7 12
4 7.0 3 5 60 150 240 7 42
2 7.5 2 5 3 70 150 300 8 57
& 8.0 2 3 5 70 150 380 g 57
3 0.5 3 O 8
} 1.0 6 5 1G 0 23
} 1.5 6 5 40 0 53
E 2.0 5 5 10 70 1 33
2.5 5 5 3¢ 120 2 43
3.0 5 5 o0 120 3 13
3.5 5 10 70 150 3 53
4,0 4 5 20 90 160 4 43
4,5 & 5 36 120 180 5 43
5.0 4 5 40 120 210 6 3
5.5 4 3 50 120 . 240 7 10
6.0 4 5 70 150 24 7 .
6.5 4 5 &0 150 VARE: & 3
7.0 3 5 5 90 150 300 0 14
7.5 A 5 5 GO 150 36U 16 1
£.0 3 5 i5 100 - 180 %540 14 8

cludes 8 how. sleeping tine.



APPENDIX I1

EDUL-KINDWALL CAISSON TABLE (AIR)
(AUTODEC ITI)

S TIHE ASCENT  ( DECOMPRESSION SToPS ); TOTAL TIME
to lst.

hrs. stop 40 o 32 28 24 20 16 12 8 4 hrs. wnin.
0.5 8 § o 8
1.0 6 5 15 c 28
1.= > 5 5 45 "1 3
2,0 5 5 20 80 1 53
2.3 5 5 45 120 2 58
3.0 4 5 15 60 150 3 58
3.5 4 5 20 90 150 4 33
4.0 4 5 40 120 180 5 53
4,5 4 : 5 50 120 210 6 33
5.0 4 5 70 120 240 7 23
5.5 3 5 10 80 15 240 8 13
£ 3 5 15 80 150 240 8§ 28
.5 3 5 20 160 150 300 9 43
7.0 3 5 30 120 159 360 11 13
7.5 2 5 5 40 120 180 *600 15 58
8.0 2 5 5 40 120 180 *660 16 58
G.5 9 0 9
1.0 7 3 20 0 34
15 6 5 10 60 1 24
2,3 6 5 30 120 2 44
2.5 5 5 10 £ 150 3 54
3.0 5 5 3 70 150 4 24
3.5 5 5 49 160 180 5 34
4,0 5 5 60 129 g% 6 14
4.5 5 10 70 120 240 729
5.0 4 5 21) 80 150 240 8 2
5.5 4 5 3v 50 150 240 8 44
6.0 4 5 40 160 150 300 10 4
0.5 4 5 435 100 180 360 11 39
7.0 3 S 5 60 120 180 #5600 16 19
7.5 3 5 10 60 120 180 THGU 17 24
.0 3 5 15 60 120 210 #6560 17 58

wludes @ hrs. sleeping time.
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EDEL-KINDWALL CALSSON TABLE (AIR)
(AUTODEC 111)

TIME ASCEUT  ( DECOMPRESS ION 5TOPS ) TOTAL TIHME

to 1st.
hrs. stop 40 36 32 28 24 20 15 12 8 4 hirs. min
0.5 9 0" 9
1.0 6 5 5 20 g 39
1.5 6 5 20 60 1 34
2.0 5 5 10 40 120 3 4
2.5 5 5 20 60 150 4 4
3.0 5 5 40 80 180 5 14
3.5 5 10 60 100 180 5 59
L.0 A 5 15 70 120 210 7 9
4.5 4 : 5 30 80 120 240 8 4
5,0 # 5 40 90 150 240 8 54
5,5 4 5 45 100 1560 300 10 9
6.0 3 5° 5 60 120 - 150 360 11 49
4.5 > 5 10 70 120 180 #600 16 34
7.0 g S 15 70 120 210 %660 18 9
7.5 3 5 20 80 120 240 *#660 18 54
8.0 2 5 5 20 30 120 240 %660 19 g
Y5 8 10 0 19
PO 7 5 10 25 0 50
1.5 6 5 5 20 80 2 0
2.0 ¢ 5 15 60 120 3 30
5 6 5 30 70 150 4 5
L 5 5 10 45 100 180 5 - 50
.5 5 5 24 60 124 210 . 7 5
0 5 5 30 70 1290 240 7 55
5 5 5 50 90 150 240 g 5
0 5 "5 50 100 150 300 10 25
U3 4 5 10 60 120 150 300 11 25
G A 5 15 70 120 18 360 12 40
9 4 5 20 90 120 240 %600 18 5
e 3 5 5 o 160 120 240 660 19 30
S 3 5 16 30 120 120 240 %660 o 55
- 3 3 15 40 iou 120 300 %660 21 10

¢ 8 hrs. slceping time.



APPENDIX 1T

DEL-KINDWALL, CAISSON TABLE (AIR)
( ATODEC IIT)

L ASCTNT DECOMPRESSION STOPS ) TOTAL TIME

to lst.

. stop 40 36 32 28 24 20 16 12 8 4 hrs. mia.
8 5 10 0 25
7 5 10 30 0 55
6 5 106 30 80 2 15
& 5 20 60 120 3 35
5 5 10 50 80 150 4 55
5 5 20 60 120 180 6 35
5 5 30 70 120 210 7 25
5 5 453 IO DS 240 9 0
4 ., 5 10 £ 90 150 30690 10 25
4 5 20 60 120 150 300 11 S
4 5 30 80 129 180 360 13 )
3 5 5 40 80 12¢ 210 #4600 17 50
3 5 10 40 90 120 240 560 15 35
3 5 15 45 90 150 240 #5560 20 15
3 5 20 45 100 159 240 %720 21 30
2 5 5 3¢ 60 120 1590 300 %720 23 20
9 5 15 0 31
7 5 5 10 40 111
6 5 5 10 30 90 2 31
6 5 5 30 60 150 4 21
6 5 15 40 1.00 150 5 21
6 5 3G ~ 80 120 . 180 6 L6
6 10 40 &0 120 240 & 21
5 S 15 60 50 150 240 g 31
5 5 30 GO 100 150 300 10 5%
5 5 40 80 120 180 360 13 16
4 5 5 40 90 120 180 %600 17 1
4 5 5  50¢ 90 120 240 #6460 19 41
2 5 U 60 () 150 240 #660 20 26
3 5 5 13 60 100 150 G %660 21 46
3 5 5 20 70 120 150 T %520 25 21
3 5 5 30 70 120 180 * 50 450 24 1

8 hrs. sleeping time.
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APPERDIN II

EDEL-XTINDWALL CAISSON TABLE (AIR)
(AUTODEC TII)

BEPTH TUE ASCENT  ( DECOMPRESSILON STOPS ) TOTAL
to lst.
psi  hrs. stop 40 36 32 28 24 20 . 16 12 g8 4 hre.
A 0.5 8 .5 5 15 0
44 1.0 7 5 10 15 45 1
4 1.3 6 5 10 10 40 120 3
hi 2.0 & 5 10 40 60 150 4
44 2.5 6 5 30 40 120 150 5
44 3.0 5 5 10 40 60 120 210 7
44 3.3 5 5 15 45 80 150 240 G
A 4,0 5 5 34 a0 90 150 300 i0
L 4.5 4 ; 5 10 30 8G 120 150 _ 360 12
b 5,0 4 5 10 40 90 120 180 *600 17
& 3.3 4 5 1 50 : 90 12¢ 210 *660 15
L 6.0 3 5 10 15 60 90 150 240 %660 20
A 6.5 3 5 15 15 80 20 150 300 #6600 27
44 7.0 3 5 10 20 80 12 150 300 %720 23
&4 7.5 3 5 i0 39 80 120 i&0 300 “720 24
44 8.0 2 o5 10 15 36 80 120 210 %540 540 26
4bH 0.5 G 3 10 15 o
46 1.0 & 5 10 15 50 1
46 1.5 7 5 10 15 45 126 3
L% 2.0 () 5 10 10 40 70 150 4
&b 2.5 6 5 10 30 60 120 180 6
Lo 3.6 .G 5 15 &0 80 120 240 8
46 3.5 5 5 3G 60 99 15G 240 9
44 4 4 5 5 10 ¥ 70 100 180 300 i1
46 5.5 5 5 10 45 80 120 180 360 13
49 5,0 5 3 L5 60 90 120 210 *600 ia
46 5.5 A 5 10 20 70 90 150G 240 w660 a4
&Y .0 4 5 10 30 70 50 150 240 #720 2z
46 4.5 4 5 10 3an 8 100 180 300 %660 22
&6 7.0 3 5 1 15 40 S0 - 120 18 300 w720 24
L 7.5 3 5 1d 15 4 Gl 120 2.0 #H00 430 24
4% 8.0 3 5 19 15 5G G 120 240 #H00 480 27

*Includus & hrs. sieepin
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APPENDIX IT

EDEL-XKINDWALL CAISSON TABLE (ATIR)
(ALY DEC III)

C - DECOMPRESSIORN STOPS )

22 ASCINT TOTAL TTME
to lst
‘5. stop 40 36 32 28 24 20 16 1z 8 & hrs. min.
.5 8 5 5 10 15 0 47
.0 7 5 in 10 15 &L 1 52
.5 6 5 10 13 15 6o 120 3 57 .
.a 6 5 10 15 40 100 150 5 32
L 5 5 15 40 60 120 180 7 12
Y, 5 5 10 20 4 g0 120 240 9 2
R 5 5 16 40 60 - 9D 150 240 10 7
Al 5 ‘ 5 15 40 80 170 18G 300 12 32
L5 4 5 3 1 e 8G 12u 180 360 13 57
. G 4 5 ) 30 60 99 156 240 #6060 20 52
3.5 4 5 10 30 80 G0 150 240 *720 23 17
0 3 5 5 10 40 80 100 189 240 %720 23 12
.5 3 5 5 10 60 80 120 180 *540 480 24 52
£F.0 3 5 16 - 15 &0 80 120 210 #540 540 26 32
/5 3 5 10 15 76 80 158 240 *5415 540 27 &2
8.0 2z 5 5 10 15 70 90 130 240 *500 54 28 37
G.5 9 5 5 10 20 0 ‘
1.0 8 5 10 10 20 70 b
1.5 7 5 16 15 20 60 154 4 3.
2.0 7 5 10 30 59 120 1590 6 14
2.5 b 5 5 15 4¢ 60 120 210 7 43
3.0 6 5 10 30 60 90 150 240 9 58
3.5 6 5 15 40 70 1GG 150 300 11 33
4,0 5 5 3 20 50 g0 120 159 380 13 33
5.5 5 5 5 30 60 90 126 210 *500 18 53
5.0 5 5 5 40 70 90 150 240 #E6A0 2% 13
5,5 4 S 5 1C &5 80 100 150 300 #6560 22 48
6.0 & 5 5 15 656G 80 120 180 *#540 430 24 58
6.5 &4 5 5 20 70 80 120 180 %540 540 26 13
v 3 5 5 10 20 70 ¢0 120 240 *600 480 27 33
7.5 3 3 5 10 30 70 G 130 240 %500 5340 29 13
8.0 3 5 3010 40 70 120 150 5450 360 540 29 53
des € hies, sleeping time



_3 S_

APPENDIX 11k

CATISSON TABLE AUTODEC II (4IR)

(These tables failed on test producing a positive bone scan and clinical bends)

DEPTH TOB ASCENT TO ( DECOMPERESSION STOPS) TOTAL TIME
psi hrs. lst. stop 36 32 28 24 20 16 12 8 4 hrs. min.
14 5.5 4 0 4
14 6.0 3 5 0 9
i4 £.5 3 10 o0 14
14 7.0 3 15 0 19
14 7.5 3 20 0 24
14 8.0 3 30 0 3%
15 5.0 3 13 0 17
16 5.5 '3 21 o 23
15 6.0 3 29 ¢ 33
16 6.5 3 37 0 41
16 7.0 2 3 40 o A9
s T 2 T RS Y
15 5.0 2 5 56 1 5
18 3.5 4 9 0 12
i6 4.0 & 12 0 17
1 4,5 4 28 0 3
18 5.0 3 5 38 0 4%
18 5.5 3 5 46 0 56
13 6.0 3 5 53 1 3
18 6.5 3 ) 6L 1 11
1% VT Ty T - o 5 69 T
1o 7.5 3 9 77 1 27
18 g.0 3 5 85 1 35
20 1.5 5 0 5
20 2.0 & 10 0 13
24 2.5 4 14 0 19
v 3.0 3 ] 18 0 728
2y 3.5 3 5 28 0 5
e &b 3 5 33 0 &3
Gl 3 5 2 3 0 53
i 5.4 3 5 53 1 3
. 5.5 3 5 58 1 8
w 6.0 3 5 63 1 13
0 6.5 3 o 10 67 122
T Yo Ty o e e e e 157G 17507
0 7.5 3 20 80 1 L5
2.0 3 30 10C 2 15
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APPENDIX [11
CAISSON TABLE AUTODEC 11 (AIR)
(These tables feiled on test producing a positive bone scan gnd clinical bends)

jasys ASCENT TO (b E Cg PRESSION STOPS I0TAL THE

hrs. ist stop 36 32 26 24 20 1z 2 8 4 hrs. wmin.

1.5 5 10 0 16
2.0 5 18 0 24
2.5 A 5 20 0 31
3.0 4 5 27 0 38
3.5 4 5 42 0 53
4,0 4 5 57 1 &
4.5 A 10 €5 1 i1
5.0 4 16 77 1 33
5.5 b 15 84 1 45
6.0 4 20 80 1 56
6.5 A . 30 120 Z 3o
7.0 & 40 120 2 46
7.5 4 SG 150 3 26
8,0 4 60 130 4 6
1.0 ) 0 b
1.5 5 17 0 23
2.0 A 5 16 0 27
2,5 4 5 26 0 40
3.0 A 5 41 ¢ 52
3.5 A 10 56 1 12
4.0 & - 20 66 1 32
4.5 4 - 20 79 1 45
5.0 4 25 86 1 57
5.5 4 30 106 2 22
KN 2 TG0 120 2 46
6,5 4 50 150 326
7.0 & 60 180 4 6
7.5 3 15 60 180 42
8.0 3 30 60 240 5 36

ws o Lr “ate limit of stradard worhshiftc.



APPENDIN TII
CATISSON TABLE ALTODEC 11 (ALR)

{Theee tables failed on test produsing a positive bone scan and clinical beods)

0B ASCENT TO (D) ECOMPRESSTION STOPS) TOTAL TIME
hrsl! 1lst stop 36 32 28 z4 20 16 12 8 4 brs. min,
1.0 7 0 7
1.5 5 5 17 o 29
2.0 5 5 22 0 34
2.5 5 10 39 0 56
3.0 5 15 47 1 9
3.5 5 15 65 1 27
4,0 5 20 77 1 b4
4,5 5 30 86 2 3
5.0 4 5 30 100 2 22
RN I 16 30 120 2 47
6.0 4 15 40 150 3 32
6.5 4 ' 20 50 180 4 17
7.0 4 30 60 240 5 37
7.5 4 45 60 240 5 2
8.0 4 60 60 300 7 7
6.5 7 . 0 7
1.0 6 16 0 23
1.5 5 5 19 0 31
2.0 5 5 29 0 41
2.5 5 10 53 1 10
3,0 5 15 76 1 38
3.5 5 20 85 1 2
4.0 5 8 90 2 7
.5 4 5 30 120 2 42
s 7T i - 10 40 150 3757
5.5 4 15 45 180 4 7
6.0 4 20 60 210 4 57
6.5 4 30 70 240 5 47
7.0 4 45 90 300 7 22
7.5 3 15 60 50 360 & 52
8.0 3 60 90 260 9 7

soindicate limilc of standard workshift.
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APPANDIN 111

CAISSON T/ABLE AUTODEC II (ATR)

(These tablec {failed on test producing a positive bone scan and clini :1 bends)

# lncludes cight bour sleeping cycle (total time on air)

Lines indicate limit of standard workshift.

ot TOR ASCENT TO (b E COMPRESSION STOFPS) TOTAL TIME
hrs. = 1lst stop 36 32 28 24 Z0 16 1z 8 & hrs. min.
0.5 g 0 8
1.0 6 5 15 023
1.5 6 5 25 0 38
2.0 5 5 10 39 1 2
2.5 5 5 20 51 1 24
3.0 5 5 30 62 1 45
3.5 5 10 40 3 2 7
4,0 5 10 40 40 2 28
4,5 5 5 47 120 3 8
s 5 T80 150 3 58
5.5 5 ' 30 90 180 5 “
6.0 5 45 90 249 6 23
6.5 5 60 120 240 7 8
7.0 4 15 69 120 360 g 23
7.5 b4 30 60 120 380 9 3
c.0 4 60 60 150 64u* 15 3%
0.5 2 0 A
1.0 6 5 22 q. 35
1.5 6 10 42 1 0
2.0 6 20 57 1 25
2.5 5 5 30 69 1 52
3.0 5 ' 10 30 ©C 2 18
3.5 5 15 39 120 2 53
4.0 5 20 45 150 328
Ty s T T 30 46U 1850 TR G
5.0 . 5 30 70 210 5 3
5.5 : 10 30 90 240 .18
6,0 A 15 45 100 300 {48
6.5 4 20 A0 31200 369 g 28
7.0 4 30 60 150 420 11 8
7.. 3 15 30 v 180 660% 15 53
8.4 3 30 6Q GO 180 7E0% 17 38
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APPENDIX III1
CAISSON TABLE AUTOPEC 11 (AIR)

(These tables failed on test producing a positive bone scan and clinical bends)

EPTH TOB ASCENT TO (D E C O M P RESSION STOPS) TOTAL TIME

si hrs. ist stop 36 32 28 24 20 16 12 8 4 hrs. mins
4 0.5 9 0 9
4 1.0 7 5 25 ) 39
4 1.5 6 5 15 30 0 59
4 2.0 6 5 20 59 1 38
4 2.5 6 10 30 76 2 5
4 3.0 6 15 40 90 2 34
) 3.5 6 20 40 120 3 9
; 4.0 6 30 50 150 3 59
; 4.5 S 5 30 90 180 S 14
5.0 5 ' 10 40 90 240 é 29
5.5 5 i 13 45 120 300 8 9
6.0 5 20 60 150 360 g 59
6.5 5 « 30 60 180 420 11 39
7.0 4 o s 15 30 60 240 660% 16 54
7.5 6 30 30 70 240 660% 17 19
8.0 4 60 60 60 240 720% 19 9
0.5 g 0 9
1.0 7 10 25 0 A
1.5 6 5 20 30 1 4
2.0 6 10 30 64 1 53
2,5 6 20 40 74 2 23
3.0 6 30 45 90 2 54
3.5 5 5 30 60 120 3 yA
4.0 3 10 30 80 180 5 9
4.5 5 15 30 90 240 6 24
5.0 5 20 45 120 300 8 14
5.5 5 30 80 150 360 . 10 9
6.0 4 10 30 60 180 420 11 49
6.5 4 20 30 70 240 660% 17 9
7.0 4 30 45 80 240 660*% 17 b4
7.5 3 15 30 60 80 300 660% 19 14
8.0 3 30 60 60 100 300 660% 20 19

* Includes eight hour sleeping cycle (total time on ajir)

Lines indicate limit of standard workshift.
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APPENDIX 11T
CAISSON TABLE AUTODEC II (AIR)

(These tables failed on test producing a positive bone scan and clinical bends)

JEPTH TOB  ASCENT TO (b E ¢ OM PR ESS IO N STOQPS) TOTAL TIME

zsi hrs. 1lst stop 36 32 28 24 20 16 12 8 4 hrs. wmins
38 0.5 10 0 10
18 1.0 8 15 24 0 49
18 1.5 7 10 20 33 1 13
38 2.0 7 15 30 73 2 8
38 2.5 6 5 20 40 97 2 52
38 3.0 6 _ 10 30 45 120 3 35
38 3.5 3 , 15 30 /0 180 5 5
18 4.0 6 20 30 120 240 7 0
18 4.5 6 30 45 120 300 8 25
38 5.0 5 5 30 60 150 360 10 15
18 5.5 5 « 10 30 70 180 420 12 - 0
18 6.0 5 : 20 30 90 240 660% 17 30
38 6.5 5° 30 30 120 240 660* 18 10
38 7.0 4 15 30 60 120 240 660% 18 55
33 7.5 4 30 30 60 120 300 660*% 20 10
38 8.0 4 60 60 60 120 360 720% 23 10
-0 0.5 9 5 0 15
<0 1.0 7 5 15 20 0 50
-0 1.5 7 , 15 20 39 1 24
-0 2.0 6 5 15 40 73 2 23
-0 2.5 6 10 30 45 90 3 5
-0 3.0 6 15 30 60 120 3 55
~J 3.5 6 20 40 90 180 5 40
+0 4,0 6 30 45 120 240 7 25
-0 4,5 5 10 30 60 150 360 10 20
-G 5.0 5 20 30 70 180 420 12 10
+0 5.5 5 30 30 90 240 660* 17 40
-0 6.0 4 10 30 30 120 240 660* 18 20
-0 6.5 4 20 30 30 150 240 660*% 19 0
oL 7.0 4 30 30 60 150 240 720% 20

-0 7.5 3 15 30 30 60 180 300 720% 22 25
-0 8.0 3 30 60 60 60 180 600% 480 24 40

* Includes eight hour sleeping cycle (total time on air)

+_ 4 e -



APPENDIX III
CAISSON TABLE AUTODEC I1I (AIR)

(These tables failed on test producing a positive bone scan and clinical bends)

2TH TOB  ASCENT TO (D E ¢ OM Pk ESS IC N 8 TOPS) TOTAL TIME
8 4

i hrs., 1st sgtop 36 32 28 24 200 16 12 hrs. min.
0.5 10 10 o 21
1.0 8 10 15 20 0 56
1.3 7 5 15 20 51 1 42
2.0 7 10 15 30 78 2 24
2.5 7 20 30 45 90 3 16
3.0 7 30 30 70 150 4 51
3.5 b 5 30 40 90 240 6 56
4,0 6 16 30 60 120 240 7 351
4.5 6 20 - 30 90 150 360 11 1
5.0 6 30 30 90 18Q  660% 16 41
5.5 5 10 30 45 120 240 660*% 18 36
6.0 5 ) : 20 30 60 120 240 660% 19 1
6.5 5 30 30 60 150 300 660* 20 41
7.0 4 15 30 30 70 180 300 720% 22 36
7.5 4 30 30 30 90 180 360 720% 24 11
8.0 4 60 60 60 90 180 600*% 480 25 41
0.5 9 ‘ 5 10 0 26
1.0 8 15 15 23 1 4
1.5 7 10 13 30 52 1 38
2.0 7 15 15 45 68 2 34
2.5 6 5 20 30 60 120 4 6
3.0 6 10 30 45 90 180 6 6
3.5 6 200 30 60 120 240 8 1
4.0 6 30 30 60 150 300 g 41
4.5 5 10 30 30 90 180 660* 16 51
5.0 5 20 30 40 120 2460 660*% 18 4}
5.5 5 30 30 45 150 240 660% 19 26
6.0 4 10 30 30 60 150 300 660%* 20 51
6.5 4 . 200 30 30 70 180 300 720% 22 41
7.0 4 30 30 30 90 180 360 720%* 24 11
7.5 3 15 30 30 60 90 240 600* 480 25 56
8.0 3

30 60 60 60 90 240 600* 480 27 11

Lines indicate limit of standard workshift,

* Includes eight hour sleeping cycle (total time on air)
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APPENDIX III
CAISSON TABLE AUTODEC 11 (AIR)

(These tables failed on test producing a positive bone scan and c¢linical bends)

DEPTH TOB  ASCENT TO (D E C OM P RE S S§ I 0 N STOPS) TOTAL TIME

psi hrs. 1st stop 36 32 28 24 20 16 12 8 b hrs. min
46 0.5 10 10 10 0 32
46 1.0 '8 5 15 -15 30 1 17
46 1.5 8 15 15 30 67 2 19
46 2.0 7 5 15 20 45 90 3 7
46 2.5 7 10 20 40 60 120 & 22
46 3.0 7 200 30 &5 90 180 6 17
46 3.5 7 30 30 60 120 240 8 12
46 4,0 6 10 30 30 70 150 360 11 2
46 4.5 & 20 30 40 90 180  660* 17 12
46 5.0 6 30 30 45 120 240  660% 18 57
46 5.5 5 10 30 30 60 150 240 720% 20 52
46 6.0 5 20 30 30 90 180 300 720% 23 2
46 6.5 5 30 30 30 120 180 360 720% 24 42
46 7.0 4 15 30 30 45 120 240 600* 480 26 12
46 7.5 4 30 30 30 60 120 240 600* 480 - 26 42
46 8.0 4 60 60 60 60 120 240 600% 480 28 .12
48 0.5 9 5 10 10 0 37
48 1.0 8 10 15 15 30 122
48 1.5 7 10 15 15 30 62 2 24
48 2.0 7 200 20 30 60 120 - 4 22
43 2.5 7 30 30 45 90 180 6.~ 27
%3 3.0 6 10 30 30 60 120 240 8 22
48 3.5 6 20 30 30 60 150 300 10 2
48 4.0 6 30 30 40 90 180 420 13 22
48 4.5 5 10 30 30 45 120 180 720%* 19 7
48 5.0 5 20 30 30 60 150 240 720% 21 2
48 5.5 5 30 30 30 70 180 300 720% 22 52
48 6.0 A 10 30 30 30 90 180 360 720% 26 22
48 6.5 4 20 30 30 45 120 240 540% 480 25 17
48 7.0 4 30 30 30 60 120 240 600% 480 26 42
48 7.5 3 15 30 30 30 60 150 240 600% 480 27 27

" 48 8.0 3 30 60 60 60 60 150 540% 420
480 31 12

Lines indicate limit of standard workshift,

- -

f-ts tewwr alaamime swels (total time on air)
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APPENDIX III
CAISSON TABLE AUTODEC II (AIR)

(These tables failed on test producing a positive bone scan and clinical bends)

I

DEPTH TOB  ASCENT TO (D E C 0O M P RES s I 0 X STOPS) TOTAL TIME

psi hrs. 1st stop 36 32 28 24 20 16 12 8 4 hrs. min
50 0.5 10 10 10 10 0 43
50 1.0 9 5 13 15 30 1- 28
50 1.5 8 20 20 20 30 61 2 44
30 2.0 8 30 30 30 60 120 4 43
50 2.5 7 10 30 30 45 90 130 6 38
50 3.0 7 20 30 30 60 120 240 8 33
50 3.5 7 30 30 30 70 150 360 11 23
50 4.0 6 : 10 30 30 40 90 180 420 13 33
50 4.5 6 20 30 30 60 120 240 = 720% 20 33
50 5.0 6 30 30 30 70 150 300 720% 22 23
50 3.3 3 10 30 30 30 90 180 360 720*% 256 23
50 6.0 5 20 30 30 40 120 180 360 720% 25 13
50 6.5 3 30 30 30 60 120 240 600* 480 26 43
50 7.0 4 13 30 30 30 60 150 240 6Q0* 480 27 28
50 7.5 4 30 30 30 40 60 180 540*% 420 480 30 23
50 8.0 4 60 60 60 60 60 180 540* 420 480 32 13

Lines indicate limit of standard workshift.

*Includes eight hour sleeping cycle (total time on air)
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APPENDIX V

PROPOSED SUPPLEMENTARY RULES
FOR THE USE OF OXYGEN DURING

DECOMPRESSION OF COMPRESSED AIR TUNNEL WORKERS

Physical Plant and Equipment

A,

Tight fitting, double—seal oro—nasal masks equipped with a discharge
hose to exhaust exhaled oxygen from the decompression lock shall be
provided. This type of mask and its associated wvalves and piping
are collectively termed an "overboard dump system”. When a work-
shift consists of ten men or less, at least two extra masks shall be
placed in the decompression lock. If more than ten men are decom™
pressing at a time, four extra masks shall be placed 1in the lock,
These masks need not be connected when not in use. All masks shall
be equipped with a demand regulator on the inlet side and a vacuum
regulator on the discharge side. The vacuum regulator shall be ca-
pable of handling pressure differentials from the interior of the
lock to the outside of up to 26 psig. A second vacuum reducer may
be interposed in the discharge manifold as it leaves the chamber to
accomplish this if necessary.

Oxygen shall be supplied to a manifold in the decompression lock in-
to which the masks can be plugged using quick disconmect fittings.
This manifold shall be oxygen cleaned at the time of installation
and shall be of copper with silver soldered couplings.

An oxXygen regulator installed inside the lock of sufficient size to
supply oxygen to the number of men decompressing shall regulate. the
admission of oxygen to the manifold at a pressure of 50 lbs. greater
than chamber pressure.

The oxygen supply can be from high pressure oxygen cylinders con~
nected to a manifold with a reducer valve fitted to the high pres-
sure manifold discharge set at 150 1bs, The oxygen c¢ylinders and
manifold may be situated in the tumnel in a protected area or top-—
side. In any case, the lock tender must be quickly able to visually
verify the c¢ylinder pressures. Alternatively, a cryogenic or liquid
oxygen source of adequate size may be used having a vaporization
pressure set at 150 psig.

The available oxygen supply at the beginning of any decompression
shall be equal to 150% of anticipated requirement. Minimum require-
ments can be calculated on the basis that each E c¢ylinder contains
220 cu. ft. of usable oxygen at a starting pressure of 2,250 psi,
It is anticipated that the average man will consume approximately
0.5 cu ft. per minute at atmospheric pressure, Decompressiocn,
however, will be carried out at greater than normal atmospheric
pressure so the final result will have to be multiplied by the
number of atmospheres absolute or fractions thereof which the crew

axnarianreaa Anrine AarAamnroececinn
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POUNDS PER SQUARE INCH GAUGE (PS1G)
EXPRESSED IN ATMOSPHERES ABSOLUTE

4 1bs, = 1.27 atmospheres
8 1bs. = 1.54 atmospheres
12 1bs. = 1.82 atmospheres
16 lbs. = 2.09 atmospheres
20 1bs. = 2,36 atmospheres

An example of the calculation for the minimum oxygen requirement is given

below: '
Assume that a tunnel crew of six men is decompressing on the oxygen
table from six hours exposure at 24 psig. The decompression requires
a five minute stop on air at 1Z psig, a thirty minute stop on oxygen
at 8 psig, then five minutes of air at 4 psig followed by sixty min—
utes of oxXygen at 4 psig. No oxygen is required at 12 psig, but
thirty minutes and sixty minutes of oxygen are required at 8 and 4
psig respectively. As seen from the table, 8 psig is equal to 1.34
atmospheres and 4 psig is equal to 1.27 atmospheres.

Calculations are made as follows:

6 men x 0.5 ft3/min. x 30 min. x 1.54 atmospheres absolute = 138.6 fr3
6 men x 0.5 ft3/min. x 60 min. x 1.27 atmospheres absolute = 228.6 fr=
. ~367.2 £r3
367,2 £t x 150% = 550.8 ft3
1550.8 ft3 - 220 ft3 usable 02 per cylinder = 2.5 cylinders.

Therefore one must start decompression with a minimum of 3 full oxygen cylin-
ders available.

F-

The discharge 1ine which carries the exhaust oxygen, which has been
breathed, is carried topside and discharged to the atmosphere. 1t shall
be carried high emough so that cigarette butts, etc. cannot be inadver—
tently dropped into it, and topped with a U fitting or rain shield.

An oxygen meter shall be installed with its sensing element in a pipe dis-
charging air from the decompression lock. This shall be a pipe separate
from the oxygen overboard dump discharge. The oxygen meter shall be
equipped with a visible and audible alarm set to go off when the oXygen
level in the air discharge pipe measured at atmospheric pressure external
to the lock reaches 237%.

All 1lights in the decompression lock shall have the bulbs enclosed by
pressure proof glass shields and wiring shall be carried in conduit.

A fire hose or hoses shall be installed which can reach any part of the
decompression lock. Hoses shall be rot proof, be equipped with a fog
nozzle and be connected to a wet standpipe. A 1/4 turm ball valve shall
activate the hose(s). Water pressure shall be at least 50 psi greater
than any anticipated pressure in the lock.
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Operating Procedures When Using Oxygen Decompression

Before the crew enters the lock, the lock temder will pressurize the lock
with compressed air and calibrate the oxygen meter attached to the exhaust
line externally to 21% ensuring there is flow through the exhaust lines at
the time of calibratiom.

A responsible foreman shall be present in the lock at all times when
oxygen is breathed during decompression.

There will be absolutely no smoking material taken into the cowpressed air
tunnel at any time and there will be absolutely no smoking at any time
during decompression in the lock.

Signs will be conspicuously posted at both ends of the decompression lock
strictly forbidding any smoking, carrying or producing any fire or open
flame. '

When oxygen masks are‘applied, they shall be applied simultaneously by all
workers and the lock tender shall not start recording oxygen decompression
time until.all of the workers have started to breathe oxygen.

The demand regulators on the masks shall be adjusted so as not to produce
a free flow of oxygen at any time. The foreman shall verify this.

When the oxygen masks are removed, the foreman shall verify that no masks
are free flowing after they have been removed. He shall imstruct the men
to carefully monitor this also. '

Should an oxygen mask fail for any reason;-one of the spare masks is to be
substituted. The time required for the substitution of the mask on any
given worker shall be added to the total oxygen time for that stop.

The lock tender shall continuously ventilate the lock so as to maintain
the oxygen content of the discharge air below 23%. 1If the high oxygen
alarm goes off indicating a percentage greater than 23%Z,he shall im-
mediately increase the ventilation rate to bring the oxygen content of the
low below 23%. He shall also immediately notify the foreman so that he
may search for an oxygen leak from either a mask or piping.

Men who are breathing oxXygen are to remain at rest and are not to do ex=
ercise of any kind. They shall be suitably dressed to avoid chilling.

The foreman shall carry a portable hand held oxygen meter in the lock and
shall calibrate 1t properly at lock pressure before oxygen breathing is
commenced. Alternmatively, the lock tender may calibrate it to 21% outside
the lock at normal atmospheric pressure and then place the meter in the
lock before pressurizing it. The oxygen level in the air in the pres—
surized lock will read higher than normal even when no additional oxygen
is present.

The table below indicates the calibration settings for the portable
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oxygen meter in normal compressed air at various pressures.

Calibration Maximum Permissible Atmospheres

PSIG Setting at Pressure When 09 in Use Absolute

20 49,6% | 54, 3% 2.36

18 46,6% 51.1% 2,22

16 43.9% 48,1% 2.09

14 41,0% 44,97 1.95

12 38.2% 41,9% 1.82

10 35.3% 38.6% 1.68

8 32.3% 35.4% 1.5%4
6 29.6% 32.4% 1.41
4 26.7% 29.2% 1.27
The oxygen level will read higher in the lock under pressure because
the oxygen molecules are packed closer together., The oxygen meter
probe in the exhaust line outside the chamber will read normally as
the air has already been decompressed to normal pressure before it
contacts the probe.
While in the lock, the foreman should check his portable meter oc-
casionally at various sites among the decompressing crew to detect
.any leaks in the oxygen breathing equipment early.
This table is to be posted prominently in the decompression lock for
the foreman's use N '

L. In the very remote possibility that anyone should experience an oxygen
reaction (seizure) the foreman should immediately remcve the man's oxygen
mask and assure that he has an airway by turning his head back and pulling
up ont his chin. When the seizure is over, he may be turned on his side,
but again maintaining the airway. The physician shall be notified
immediately.

M. Decompression following an oxygen reaction or if any worker for any reason
cannot breathe oxygen, shall be in strict accordance with instructions
from the retained physician, 1If the physician cannot be located, decom—
pression from the point where oxygen breathing was interrupted shall be
continued on the air decompression table repeating the stop where the
oxygen reaction occurred.

N. The lock tender shall carefully record all oxygen breathing periods as
well as the total length of the decompression stop and shall notify the
foreman when oxygen masks are to be donned and doffed,

0. At the conclusion of decompression, all used oxygen masks are to be re—
moved from the regulators, and washed in a suitable antiseptic solution
which is not injurious to rubber.

P. Full beards or beards which interfere in any way with a tight seal of the
oxygen mask shall not be permitted. Mustaches are permitted.

Q. Vaseline and other greases may not be used to insure a seal of the mask

over beards.
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The foreman shall instruct all- of the workmen regarding the hazards of
fire when oxygen breathing procedures are disregarded.

The lock tender shall insure that clean, dry masks are available to each
shift before they start decompression and that the extra masks are avail-
able in the lock,

The lock tender at the conclusion of each shift shall check the pressure
of the oxygen cylinders and ascertain that enough oxygen is ready for de-
compression of the next shift,

If for any reason oxXygen breathing during decompression cannot be carried
out according to the exact schedule, the retained physician shall be
notified immediately.

The lock tender shall iansure that the decompression lock is maintained
conspicuously clean with no unnecessary combustibles present in the lock.

Before each shift decompresses, the lock tender shall check the fire hose
valves to verify that fire-fighting water is available . in the lock.

In the event of :fire, the lock tender shall immediately shut off the oxy-

gen. If the fire is serious and not immediately controlled, the lock ten—
der shall decompress the lock to the surface at once so that the crew can
escape. When the lock is om the surface, the crew shall be immdiately
transferred to the medical lock on the surface, and the medical lock taken
to 60 feet (26,7 psi). The surface interval shall not exceed 5 minutes if
humanly possible to accomplish this. The physician is to be notified as
soon as the men are evacuated.
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THE KASSQUF COMPANY

THE MURRAY. HiLL CONSTRUCTION COMPANY
7738 COMMERCE PARK OVAL . CLEVELAND, CHIQ 44131

{216) =24-4348

July 15, 1982

Eric P. Kindwall, M.D.
2900 West Oklahoma Ave.
Milwaukee, WI 53215

Dear Sir:

We have reviewed your proposed supplementary rules for the use of
oxygen decompression for air tunnel workers. We are in agreement in
general with your proposed rules, however, there are a few exceptions.

It is aur theary that the safe use of oxygen is a three-prong attack:
1.) instruction as to proper use, 2.) preventing oxygen build-up, and
3.) Timiting ignition sources and flammable materials.

To that end, we advocate primary and back-up continuous monitoring
of oxygen build-up within the lock. Back-ups on the oxygen supply
system at points of possible failure, continuous ventilation of sufficient
quantity, and backup methods and firefighting procedures should all else
fail.

No set of rules can be all-encompassing. In large part, the safe
implementation of oxygen decompression will rely on the dedication and
intelligence of the people setting it up and using it. For this reason,
we resist the formulation of specific procedures which may be contrary
to the particular circumstances of a given project., We take particular
exception to your Section Il, Item V, wherein it is possible when following
the rules in this case one may be forced in fact tgo act contrary to comman
sense. We suggest that this is covered in evacuation procedures under
existing OSHA regulations and no additional rules are reguired.

We have added a few minor modifications to Sections B, C, F, H, and
I {(Section I} and Sections H and V (Section II}.

Please be advised we expect to be under air on a one shift basis for
some preliminary operations on or about the 26th of July.

We Jook forward to your comments.

Thaige c:(/tama,u, LML ')714‘2:. Sincerely yours,

L1 7P SR
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APPENDIX VI

SAFETY RESPONSIBILITIES QF EMPLOYEES

I. Project Engineer

1.

2-

4.

The project engineer carries the ultimate respousibility for the
safety of the entire project.

He is to monitor the activities of the safety engineer and the shift
foremen to insure that these individuals are carrying out their re-
sponsibilities and that all relevant safety codes and practices are
being observed,

Should an unsafe condition appear, the project engineer has the re=
sponsibility to halt further work, if necessary for human safety, un—
til the condition can be rectified. N

He shall be familiar with all applicable CSHA codes.

II. Project Safety Engineer

1.

4,
III.

1.

2,

This individual is in immediate operatiomal charge of all safety as~
pects of the job and is to make daily, or weekly inspections, as ap-
propriate, of the working face, tunnel proper, the combination lock,
the decompression locks, the medical locks, gas analysis equipment,
tools and equipment, both in the tunnel and topside, and all perti-
nent records and logs to assure their baing up to date. ,

A check list is provided to the safety engineer as am aid to inspec-
tions, but his responsibility extends to all safety aspects of the
project whether or not they are noted on the check list.

The engineer shall do the necessary calculations for oxygen require~
ments (when oxygen decompression 1is used) and deliver these in
writing to the lock tender, He shall also ensure that each foreman
iinderstands the maximum permissible oxygen levels permitted on the
portable oxygen monltor at each decompression stop when oxygen is

used.

He shall be familiar with all applicable OSHA codes.

Shift Foreman

Each shift foreman shall be responsible for the safe conduct of the
work carried out during his shift.

At times of shift changeover, he shall be jointly responsible with
the incoming shift foreman for an orderly and safe change of shift.

He shall ascertain that the proper decompression schedule is used for
every member of the. shift.
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He shall bring to the attention of the project safety engineer any
discrepancies in equipwent -and shall immediately rectify any equip-
ment or procedural deficilencies.

He has authority to suspend work immediately if a situation develops
which may endanger the welfare or safety of any workman.

. The foreman shall be responsible for sampling the air onm his shift if

directed to do so by the project safety engineer.
) ¢

He is responsible to see to it that the results of air sampling are
entered in the proper log.

If oxygen decompression is used, he shall supervise the use of the
oxygen masks and monitor the oxygen level in the decompression lock
with a portable 02 meter.

He should be familiar with the safety check list used by the project
safety engineer, .

In the event of accident or jnjury to a workman on the shift, the
gshift foreman or a responsible person designated by him shall notify
the retained physician promptly.

The shift foreman shall be familiar with all the provisions of the
OSHA code pertaining to compressed air tunneling.

Lock Tender

1.

2-

The 1lock tender shall be familiar with the operation of the
combination lock and the decompression lock(s).

It shall be his responsibility to see. to it that fresh recording
graphs are placed on the recorders at the appropriate intervals.

He shall operate the combination lock during decompression in such a
panner that the proper decompression schedule is adhered to.

He shall permit no personm to enter the compressed air lock without
being logged in and he shall enter in the log the departure time of
each person entering. He shall record in the log the date and
pressure to which the individual is exposed,

The lock tender shall not permit anyone to enter the compressed air
heading if he has exited compressed air within the preceding 12
hours. In an emergency, Te—entry into the coumpressed air heading may
be permitted, but only with the knowledge of the hyperbaric
physician.

The lock tender shall see to it that the logs are maintained legibly
and are not allowed to deteriorate due to dirt or water damage.

He shall be responsible for delivering the completed 1logs and
recording graphs to the safety engineer's office when completed.
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He shall assure that there is adequate ventilation in the combinaticn
lock during decompression, He shall be familiar with the posted
decompression schedules and shall decompress anyone leaving the
working heading in strict accordance with these schedules.

If oxygen decompression is in use, he shall monitor the oxygen meter
recording the oxygen levels in the vent line from the decompression
lock and shall calibrate said meter appropriately.

Compressorman

1,

6-

The compressorman on each shift shall see to it that the pressure in
the tunnel is maintained at all times at the level requested by the
shift foreman.

Hé shall be capable and qualified to operate the emergency medical
lock whenever required.

He shall start the emergency Diesel generators and actually couple
them to the compressor motors at least once 3 week. These tests are
to be dated and logged.

He shall insure that the air imtakes to both the high and low air
compressors are so positioned that exhaust “fumes from Diesel or gas—
oline powered engines are not drawn into the intakes.

In the event of electrical power failure, he shall immediately notify
the project engineer and the project safety engineer.

He shall be familiar with the current 0SHA regulations as they refer
to the compressor plant.

Miners, Muckers, Electricians and All Others Who Enter the Tunnel Heading

1.

2.

They shall have read the instructions to compressed air tunnel work-
ers, or have had these instructions read to them.

They shall indicate that they understand these instructions and shall
have signed the instructious indicating understanding before entering
the tunnel environment.

Every workman shall observe all relevant safety rules and report un—
safe conditions immediately to the shift foreman.
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APPENDIX VII

INSPECTION CHECK LIST FOR PROJECT SAFETY ENGINEER

Check all paperwork .at least once a week for the following:
A, Pressure recording graphs for all shifts.
B. Gauge verification logs for recording graph and tunnel.
C. Shift logs for time of entry, decompression and pressure for in-
dividuals.
D. Currency of medical certificates.
E. Completeness of incident or accident reports.
F. Atmosphere sampling logs

Check conditioms around intakes for both high and low air compressors to

insure- that Diesel or gasoline engines are not operating in the area
(daily).

Check logs to be sure that Diesel generators have been test—started and
actually coqpled to the air compressors at least once a Week. .
Ascertain that check valves in air supply piping in tunnel both at the in~
side end of the manlock and at the tunnel face are fumctiomal (daily).

See to it that air is amalyzed at the heading for CO0p, 02, €O, oxides
of nitrogen at least one time per shift. Log these results. If COy
builds up over 0.5% in the area of the heading, open more vent lines or
extend the air delivery pipe closer to the heading. Check the .function of
the air analyzer equipment in the office before entering the tunnel. The
verification of proper operation of this gear should be made in strict
accordance with the manufacturer's instructions (Mine Safety Equipment or
other).

Check for free hydraulic oil on the surface of water in the area of
the heading and anywhere in the tunnel.

Verify by appropriate CO2 readings that no dead air exists midway
between the heading and the manlock (as required).

Verify that fire main is full of water as it extends to the heading and
that the hoses are functional and rot-proof,

Be sure that all direct reading Bourdon Tube Gauges connected directly to
the manlock and working tunnel are calibrated by a master gauge at least
every 3 months.

Verify that the first aid kits in the manlock and the tunnel are complete
and in good condition (weekly). Replace any deteriorated, damaged or
missing items.

Check operations of all telephones {(daily).
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15.

16.
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Be sure safety lamp for detection of methane is functioning properly
(daily).

Check emergency lighting (weekly).
Check toilet facilities in tunnel for sanitation (daily).

Emphasize to employees that a man must stand by with a fire hose and re-
main there for at least one-~half hour after completion of any cutting or
burning in the tunnel (unless there are no combustible materials in the
immediate area).

If oxygen decompression is used, verify oxygen supply to be adequate, 0Op
meters to be functional, and oxygen masks to be performing properly
(daily).
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APPENDIX VIII

CHECK LIST FOR PHYSICIAN INSPECTIONS OF THE TUNNEL SITE

Physician visits should be made every week to ten days. When the physi-
c¢ian arrives on the job site, he should contact the project safety engi-
neer and together with him, physically carry out an inspection as de-
scribed on the project safety engineer's check list,

The physician, additionally should concentrate on checking over the medi-
cal treatment lock, its oxygen supply and the status of the medical sup~
plies.

When not in use, the-inner lock of the medical treatment chamber should be
held at a pressure of 74 pounds per square inch and the outer lock held at
a pressure of 5 pounds per square inch. This insures that no one enters
the medical lock without authorization and that it remains clean and un—
contaminated. Seventy~four pounds pressure in the inner lock acts as an
air reserve and would allow for immedliate compressicon of an accident vie-=
tim in the outer lock without the need for additional compressed air in
the event of power failure or catastrophic accident to the compressed air
system. This is done by equalizing the pressure between the inner lock
and the outer lock,

When the physician arrives to inspect, the chamber should be decompressed
and the physician should enter, after removing his shoes, to ascertain
that the oxygen masks actually function, and that other supplies and
equipment are in proper order. When the inspection is complete, the cham-—
ber should be recompressed, by the compressorman, in the physician's pres-
ence. At this time, the proper function of all the wvalves and gauges can
be ascertained.

While in the chamber, the physician should be alert to odors in the ailr
which would indicate air contamination, ©Oil filters in the line from the
compressor to the medical lock (Lufer sponges, Deltech separators) should
be checked for cleanliness and proper functionm.

The physician should ascertain that the safety valve, when it lifts, will
reseat on its own and that the pop—off pressure is at least 10% higher
than the maximum pressure to which the chamber will be taken. (If the
valve 1lifts at 76 psig, the chamber should not be operated with personnel
inside, to pressures greater than 68.4 psig) (133 fsw).

On leaving the job site, the physician should inform the project safety
engineer or project engineer of any discrepancies and make a written
record of them. :
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APPENDIX IX

SUGGESTED MEDICAL SUPPLIES

I. Inside Medical Lock

1.

WU
L -

o0~ O
[ ]

Ambu or Lerdahl resuscitation bag and mask with tubing and regulator
to connect to oxygen outlet.

Afrin nasal spray

Flashlight

Reflex hammer _

Blood pressure cuff (Aneroid) ~ to be left with valve open or tubing -
disconnected,

Stethoscope — two hose

One battery operated quartz clock

Four pairs of ear mufflers (noise protection)

II. OQutside Medical Lock

r
.
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14,
13,

III.

*
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6 - "H" Cylinders oxygen on manifold

2 - 1 liter plastic intravenous infusion bags containing D 5% and
half normal saline,

2 = 1 liter plastic intravenous infusion bags of Ringer's lactate

4 Intravenous infusion sets

1 liter aqueous Betadine solution

Package of individually wrapped skin swabs

Selection of angiocath and needles of various sizes

. A selection of soft French urinary catheters (sterile)

Urinary catheter tray

A selection of airways

One thoracentesis set with one-way valve

Two boxes assorted band-aids

One roll tubular bandage with aluminum applicator stent (for finger
injuries) '

One oxygen analyzer with probe connected to chamber exhaust line.
Package of plastic styrofcam cups

Inside Combination or Decompression Lock (Tunnel):

3 bottles Afrin nasal spray

6 rolls cling bandage

6 ABD pads

1 package sterile 4 x 4's

One box assorted band—aids

One roll adhesive tape

One electric clock

One hand held oxygen analyzer if oxygen decompression is being used.
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APPENDIX X

SAMPLE APPLICATION FOR VARIANCE

TO: Occupational Safety and Health Administration
Department of Labor
Washington, B.C.

FROM: Any Tunneling Company
Main Street
U.8.A.

SUBJECT: Automatic or Cam Controlled Decompression Controllers

This company has applied for a variance to use the NIOSH interim decom~
pression tables for compressed air in turnnel workers on the tunnel project in
question. As these interim tables use stage decompression and not continuous
or linear decompression stages, the necessity of using automatic decompression
controllers to regulate pressure in the decompression lock is obviated. Cont-
inuous recording graphs provide a permanent record of the actual decompression
profile, as previously. If our application for variance to use the interim
decompression tables supplanting the present OSHA tables for decompression of
compressed air tunnel workers 1s granted, we hereby request that a variance be
granted to eliminate the use of the automatic decompressiom comtroller. The
only resson for the present requirement for automatic decompression controllers
is that regulation of very small amounts of pressure cliange over long periods
of time is manually difficult or impossible using the present OSHA code.
Stage decompression, has historically been managed easily and successfully
with manual control since the beginning of this century. It is our under-
standing that the developers of the interim decompression tables have specifi-
cally noted that the application of the new tables will obviate the need for
this controller. .

' This request for variance is urgent as it is anticipated that compressed air
operations will begin soon (or definite date) .
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The accompanying report is in responsa to Work Order No. 79-3851
dated 8/2/79, which stated:

Determine the feasibility for developing interim decomprassion
schedules to replace the present federal schedules which have
been shown to be dangerous to tunnel workers. The interim
schedules should have the following specifications:

1) A maximum decompression sicknass rate of 5% with
non-sericus classification.

2) A maximum dﬁsbaric osteonecrosis rate of 47 with
shaft lesions only.

3) A minimum tunnel or caisson depth of 112 ft.

4) Ten (10) copies of the final report sh#ll be delivered
to the Project Officer at the following address:

Dr. Alan Purdy

HEW Parklawn Bldg.

5600 Fishers Lane, Mail Stop 8-23
Rockville, MD 20857

This study was held at the Undersea Medical Society, Inc., 9650
_Rochville Pike, Bethesda, Maryland, on 23 July, 1979, and was funded
by the National Imutu,ta for Occupationzl Sagety and Health:.

The opindons, conclusions atd recomnerdations contained Lt Lhis
repork are noi Zo be construed as ogsécz;.c o neczssarily reilecting

the views o4 the National Tmstitute jon Cccupaticnal Sajety and
HQCL\J‘L“L
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Background

In the fall of 1977, NIOSH awarded a small grant to Dr. E, P,
Kindwall of St, Luke's lospital in Milwaukee, to carry out skeletal
x-ray surveys and bone scans on a group of compressed air tunnelers
who had used the current COSlA-enforced Federal decompression sched-
ules, at pressures ranging up to 44 psi, on a tunnel contract that
was completed in 1973, Previocus experience with what are now the
Federal schedules in Seattle, San Francisco {on the Bay Area Rapid
Transit Project), and in Milwaukee, involving pressures up to 36 psi,
had revealed no serious problems with dysbaric osteonecrosis. In
fact, a survey carried out by Dr. Leon Sealey, Project Director for
the Seattle tunneling contract, showed that of 83 men followed for
nearly 10 years after decompression according to Federal decompres-
sion schedules, only 4 cases of shaft lesions could be identified.
These shaft lesions were minor and causecd no disability, PFor this
reason, it was generally assumed that the current OSHA decompression
schedules were safe.

However, an August 1978 interim repo=t of a survey of Milwaukee
compressed air workers who had used the OSHA tables at pressures
greater than 36 psi demonstrated that 5 of 20 men had severe juxta-
articular lesions. This represented 2 25% incidence of disabling
dysbaric osteonecrosis apparently as a consequence of using the
-0StiA-enforced decompression schedules. Xindwall felt that a new set
of decompression schedules was essential to reduce the incidence of
dysbaric osteonecrosis and the incidence of decompression sickness,
which, although treatable, was a troublesome factor in compressed
air construction. It was estimated that the production and testing
of a whole new set of tables would take at least two to three years.

The August 1978 interim report came to the attention of Dr. Alan
Purdy of NIOSH, who suggested that, since it would take such a long
time to develop and publish tested tables, NIOSH should promulgate
new interin tables which might immediately reduce decompression
sickness, morbidity, and bone destruction among caisson werkers,

This Workshop (see list of participants above} was convened to
explore the feasibility and advisability of devising interim decom-
pression schedules and promulgating them Ior immediate use, while
other studies were being carried out to t2st the more definitive
_decompression tables. It was noted that the present OSHA tables,
as well as all previous U,S, tunnel tablzs, had been put into use
without prior testing in the laboratory.




DPefinition of Interim vs. Permanent Tables

At the outset, Mr. LaRocca of OSHA explained that at the present
time, OSHA did not have evidence that the present OSHA tables were
inadequate, and the Agency did not feel there was a need for further
study in this area. For OSHA to become involved, it would have to
have indications from NIOSH that further work was needed, and would
have to be convinced by scientific facts. Even if interim tables
were promulgated, bringing them .into regulatory status would be an
extremely slow process. However, if the new interim schedules were
mentioned in the Current Intelligence Bulletin as being desirable
for tunnel contractors, the tables could be used immediately by
granting the contractor 2 variance from the OSHA procedures.

Interim tables were defined as decompression schedules generated
using the best available data from commercial diving and other
sources, and which could reasonably be expected to eliminate or at
least greatly diminish dysbaric osteonecrosis problems as well as
the incidence of decompression sickness. Mr. Peter Edel of New
Orleans, who was attending the Workshop, has computer data banks -
that include this information, and he has offered to produce new
interim schedules using data from 15 years' experience in commercial
diving and with other projects, such as TEKTITE and Navy experience.
Any tables derived would take into account both successful and
unsuccessful decompression schedules, as documented in industrial
use, and would fall within safe limits based on these criteria.
Thus, the interim tables would not be "tested" before promulgation,
but they would take into account the results of field testing of
the same or similar exposures and decompression profiles over the
past several years. In this sense, the interim tables would be
substantially "pre~tested.”

Earlier, Mr, Edel had been .sked to produce new decompression
schedules for tunnel workers as part of a2 long«term research project
that would be carried out at St, Luke's Hospital and the Medical
College of Wisconsin in Milwaukee, Kindwall had proposed that new
decompression schedules could be developed with Edel's data, and
that these preliminary tables could then be reevaluated in the
laboratory using human nitrogen washout studies and ultrasonic
bubble imaging of stationary bubbles in the subject's tissues,
Assistance with the ultrasonic bubble imraging would be provided by

- Dr. Hewlett E. Melton of the Department of Pathology at the Medical
College of Wisconsin, a specialist in this area. It was proposed
that tissue bubble imaging using the present OSIiA tables then be
compared with Edel's schedules and the nitrogen washout results,
Additionally, the tables would then be tested at the exposure
extremes in certain pressure ranges, taking care to avoid distor-
tion of the results through acclimatization of subjects on the
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one hand, or nitrogen build-up in the worker's tissues during the
work week on the other, It was estimated that this kind of project

" to develop permanent or tested tables would require at least three

years. A grant proposal to do this had been submitted to NIOSH,

but at this poiat, Dr, Purdy had suggested developing interim tables

as a start., If a grant to carry out rigorous testing of the interim

tables was made, the final study would determine if the interin

tables could become the permanent tables,

The Need for New Tables _ ;a

The group felt that the first order of business was documenting
the need for new decompression tables. Kindwall noted the Milwaukee
experience of severe cases of dysbaric osteonecrosis occurring ‘on
the present OSHA schedules, and said that since his interim report
of August 1978, additional cases had been discovered, The final
report to NIOSH, to appear in September 1979, will reflect the true
incidence, but even the interim report has demonstrated the incidence
to be formidable, Dr., Behnke noted that the San Francisco:tunneling
project produced an unacceptably high incidence of decompression
sickness, and Kindwall stated that in Milwaukee, using an anonymous
Teporting system, up to 26% of the men on a work shift had been
found to suffer from'decompression sickness after leaving the job,

. Reference was made to 2 meeting held at Freeport, Grand Bahama on
August 22, 1972, which was attended by Dr. Heinz Schreiner of Ocean
Systems, Dr. Christian J. Lambertsen of the University of Pennsylvania,
Dr. Behnke, Mr, Edel, and Dr. Kindwall. At that time, before aseptic
necrosis had been recognized as a problem associated with the OSHA
schedules, the group met to discuss and suggest possible changes to
be made in the Federal Code for decompressing caisson workers,

This concern developed because of the high incidence of bends encoun-
tered in California and Washington state, as well as in Milwaukee,

At that time, Dr. Behnke stated that "we have information to the
effect that the Washington state tables (i.e., current Federal
tables), are inadequate in the prevention of decompression sickness,
specifically in the Lake Tunnel Project in Seattle where, at a
pressure level ranging from 30 to 34 psig, 3,000 man shifts were
followed by 51 cases of bends. The incidence was 1,7%. This is
seemingly not too high, lowever, in our experience in the BART
project (Bay Area Rapid Transit), at a pressure level of 30 psig
approximately, in 29 shifts there was an incidence of decompressicn
sickness which was in the range of from 13 to 35%. At a given time
we had as many as eight men under treatment, At a pressure of

36% psig, 55 man shifts, there were 3 cases of bends -- the incidence
was §4%, I think we have enough evidence to indicate again that in
the pressure range of 30 to 35 psig the tables are totally inade-
quafe." Dr. Lambertsen agreed with Dr. Behnke that "a random repair
of any decompression system was undesirable and will not work."
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These observations prompted the wOrL=HOp group to examine the
current OSHA decompression schedules to determine if the reason for
these shortcomings might be discerned by visual inspection of the
schedules, .

Known Ambiguities, Irregularities and Deficiencies of the Present
OSHA Schedules -

It was pointed out that decompression on the present OSHA
schedules calls for continuous reduction of pressure at two different
rates up to 24 psi, three varying rates up to 3% psi, and four con-
tinuous stages at pressures over 40 psi. The most important thing,
however, is that considerable amounts of tize are spent in the last
stage of each schedule, which occurs between 4 psi and the surface,
Thus, after a 4-hour exposure at 36 psi, two hours and 10 minutes
are spent in decompressing from 4 psi to the surface. At pressures
less than 4 psi, there is very little effactive bubble suppressien,
Almost 60% of the total decompression tizs is spent below this
pressure, Almost 30% of the total decormzression time is spent at
less than 2 psi, and thus appears chleflv to be wasted time,

Ancther and more dlsturb1ng observat;an is that the OSHA tables
provide a decompression schedule for "over eight hours" for each
pressure level in the tables. Apparently, a tunnel foreman who had
to stay beyond the length of his normal siift because of a construc~
tion preoblem or who conceivably might wosk a double shift or 16 .
hours, would still be eligible to decomprass on the "over 8 hour"
schedule, Sixteen hours under pressure in fact becomes a saturation
exposure, and yet all of the 'over 8 hour' schedules fail to pro-
vide anywhere near the proper amount of time for a decompression from
saturation. As an example, the "over eight hour" decompression
requirenent for a working pressure of 20 psig calls for a teotal
decompression time of 113 minutes., Tweniy psig is equivalent to
a pressure of about 45 feet of scawater. (urrent practice for
saturation decompression from 45 feet would- call for between 14 and
16 heours of decompression time with oxygsn, Were the OSHA schedules
to be used in a saturation situation, thz results would be predict-
ably disastrous.

At the Workshop, Mr. Arthur Chase przduced a graph plotting
decompression time in minutes against exposure pressure at sea level
for 10 different exposure times, This graph was prepared by Straam
Engineers, Inc., The graph showed the recuired decompression times
to be gquite irregular, but most notable was the fact that for a 6,
7, or 8 hour exposure at 26 psi, the decc=pression times were
identical. The same held true for Z or 3 hour exposures at 20 psi,
6 or 7 hour exposures at 18 psi, and the 7 or 8 hour exposures at
44 psi and 48 psi, whereas for the 7 or 3 hour exposures at 46 psi,
the decompression times were different. MNo explanation could be
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found for these inconsistencies. There were other examples of
incongruity in the graph (which is appended). Mr. Chase, who is a
professional tunnel engineer of many years' experience, pointed out
that no engineer would have much confidence in the present OSHA
schedules after simply inspecting the graph.

Additionally, the OSHA tables were calculated on the basis of
only 3 half-time tissues, the 30, 60, and 120-min tissues. Other
current schedules use six or more. Also, for the long exposures
covered by these schedules, using the 120-min tissue as the longest
half-time tissue is now considered inadequate, Mr., Edel stated
that a 480 ‘or 490-minute half time for the slowest tissue would be
more appropriate, using that theoretical model.

Thus, the group concluded that the present OSHA schedules do _
need revision on the basis of the known high incidence of decompres-
sion sickness in all ranges, the appearance of dysbaric ostecnecrosis
at pressures over 36 psi, inadequate numbers and lengths of tissue
half times, obvious discrepancies within the tables themselves, the
gross inadequacy of using these tables to decompress from saturation
and the long detompression exposures at pressures less than 4 psi,
which do not conform to the current state of knowledge of decompres-
sion efficiency,

Altermnmative Decompression Schedules

There was a discussion concerning the possibility of using
another set of decompression schedules already in use. It was
acknowledged that the U, S. Navy Air Decompression Tables would not
work because their time and depth ranges do not correspond to tunnel
construction requirements. The USN exceptional exposure tables would
come closer, but commercial experience with these tables has been
very unfavorable, The exceptional exposure tables are still only to
be used for emergencies, With regard to tables in use in other
countries, the British developed the Blackpool Tables in response to
problems with their earlier 1958 caisson tables. The Blackpool
Tables were evaluated by the Canadians, who found that they had prob-
lems when times exceeded 5 hours. Even though the Blackpool Tables
use deeper stops and are more efficicnt with regard to inert gas
elimination than the OSHA tables, they still produce some dysbaric
osteonecrosis at the longer exposures, Dr, Purdy explained that
NIOSH was not interested in decompression schedules that produce even
"a little bone necrosis." There are well-tested saturation schedules
for air in existence, but these would bec too lengthy for the non-
saturation exposures in tunneling.

‘Dr. Behnke suagested the possibility of using a habitat and
saturating tunnel crews at relatively modest pressures, and providing
them with 2 6 to 8§ hour decompression from saturation at storage
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pressure toward the end of their work week, Mr. Chase said that
habitats could be constructed and would be practical on the larger
jobs, but there might be a question of acceptance by the workmen,
and further, saturation habitats might not be practical on smaller
projects, '

It therefore appeared to the Workshop members that there were
ne other alternative or totally satisfactory decompression schedules,
domestic or foreign, which could be recommended without reservation
to supplant the current OSHA schedules,

Probable Form of the Interim Tables

The first question to be answered in the development of an interim
table was whether or not the new tables should use continuous decom-
pression at varying rates or stage decompression. Continuous decome
pression has been traditional in the tumnel industry since the
beginning of compressed air work, However, continuous decompression
is much more difficult to control and therefore could not be accurate-
ly applied before the advent of cams or program tapes to ensure strict
adherence to the proper rate of pressure reduction. Obviously, con-
tinuous decompression requires additional machinery (decompression
controllers) and, in the event of equipment breakdown, would make
conforming to the published table difficult. On the other hand,
stage decompression appears to coincide less with actual physiologic
. processes, in that inert gas is not known to leave the body in stages,
Mr, Chase favored using continuous decompression, whereas Mr. Edel
pointed out that there are so many variables in the human body that
stage decompression is not noticeably unphysioclogic. Dr. Kindwall
agreed with Mr, Edel, stating that stage decompression would not
require cams and tapes and the whole decompression profile could be
more easily monitored when the recording graphs were inspected, The
Workshop committee decided that stage decompression was probably
more practical.

Dr. Behnke suggested using oxygen-during decompression and the
panel discussed whether or not an oxygen variant of the pew interim
tables should alsoc be developed. It was pointed out that at some
of the higher pressures and longer exposures, oxygen might be
necessary to make the tables commercially acceptable because af the
long decompressions required if air only was breathed. There was
a great deal of discussion concerning the safety of oxygen decompres-
sion for tunnel workers, its acceptance by contractors, and the
questions of oxygen toxicity. Mr. Chase pointed out that for
insurance reasons, contractors would be unwilling to take the respon-
sibility of using oxygen decompression, at least initiaily. However,
after the first contract or two in which the government or some
other body had insured this technique, they would be quick to "jump
on the bandwagon.” Overboard oxygen dump systems would be required
1f oxygen was used, and very strict regulations would be required to
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ensure safety. The group decided that Mr. Edel should produce an
oxygen variant of the new interim tables,

The use of special decompression changes or "long locks,” in
which men could take showers, change clothes, watch T.V., or play
billiards during the last part of their decompression was also
discussed. This equipment means that the men would be ready to
leave as soon as the lock door opened, However, such large chambers,
although excellent for some jobs, would not be feasible on smaller
jobs., :

The committee also specified that the new tables should be
designated for sea level use only, and that they would not be
adequate at high altitudes.

Use of Proprietary Methods for Determining OSHA-Approved Schedules

The feasibility of NIOSH or OSHA approving decompression sched-
ules developed using proprietary methods was also discussed. Cculd
OSHA approve such tables in the first place, not knowing how they
were derived and what the legal ramifications would be? It was

.pointed out that a precedent has already been set in this area by
proprietary commercial diving decompression schedules, which are
used without objection by OSHA. Furthermore, tables are derived in
commercial diving using proprietary formulas and are put into com-
mercial service without testing. Again, this practice has met with
OSHA approval. ' Mr. Edel has developed tables, using proprietary
methods, that have been used by NASA, the U,S, Navy, and foreign
navies, Dr, Purdy reminded the group that it is not a computer
which must be relied on in a field that is constantly changing, but
rather the reputation and record of the individual preparing the
decompression schedules, Thus, NIOSH could quite properly give
approval to a set of decompression schedules, even though proprietary,
if they had been prepared and examined by individuals well known and
experienced in the field. He noted that at the present time there
are no better criteria to follow. The question of how the Workshop
group could be sure that any interim decompression schedules were
the best possible was also raised. It was pointed out that the
group had not been tasked to produce "the best possible table," but
had simply been asked to produce something better than what existed.
This corresponds toc a good - better - best situation, in which
initially the present QSHA tables were '"good" because they did not

" produce aseptic necrosis between 1963 and 1973, Now that they have

not been able to sustain that record, it is necessary to look for
something better than the original good tables, The best table
cannot be known in advance and may not be developed for many, many
years.
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Conclusions of the Workshop Committee

Members of the committee felt that interim tables that are
objectively better than the present tables could be produced to
decompress compressed air tunnel and caisson workers, In view of
the present findings with the currently enforced OSHA schedules, it
is most desirable that interim tables be developed. The group
further agreed that even though the nevw interim tables use propri-
etary methods, this is acceptable as long as the individuals preparing
the tables are qualified., The committee felt strongly, however,
that any interim tables adopted or approved by NIOSH should only be
considered interim schedules, and their promulgation should depend
on thorough testing in the laboratory. Without a long-term study
to evaluate their use, the interim tables should not be officially
promulgated,

. After much discussion it was agreed that Mr, Edel, upon receiv-
ing a contract from NIOSH, should generate the interim tables within
a 2 to 3-month period, and that the Workshop committee members
would meet again to evaluate the results of his efforts. The new
tables would be checked to see if the known inadequacies, inconsis-
tencies, and defects of the present tables had been removed and to
evaluate the decompression profiles in light of current decompression
practice. Then, if the group of experts felt that the tables repre-
sented a definite and documented improvement over current schedules
and conformed reasonably to present day concepts of adequate decom-
pression, the schedules could be made available to the public
through NIOSH,

Instructions to Mr, Edel

A considerable portion of the Workshop was devoted to the
details and requirements of decompression schedules from the con-
tractor's point of view and also to the conditions actually known
to occur in the compressed air tunnel environment., On the basis of
these discussions, Mr, Edel was to produce a set of decompression
schedules, observing the following parameters:

1. Schedules are to be calculated for 2-psig increments
from 14 to 50 psig.

2. Schedules are to be calculated for half-hourly increments
of exposure from one-half hour to eight hours, with
provision for saturation at any given pressure level.

3. An oxygen variant of the air decompression tables is
to be produced,
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The tables are to be designated for sea level use
only {which means they could be used at maximum
altitudes of only 800 to 1000 feet above sea level).
The temperature in the tunnel is assumed to be above
60° Fahrenheit. : '

Calculations are to assume that the worker has been
exposed to four previous days of ordinary shift
work at the same pressure level, thus taking any
residual nitrogen into account.

The tables should be designed only to take one
exposure per worker in any 24-hour period into account.

-
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I. INTRODUCTION

This gtudy, along with 12an earlier one, explores the feasibility of
producing and introducing an -interim set of decompression tables for
caisson and ‘tunnel workers in the U.S. "Tnterim" tables are being
considered as a means of reducing decompression sicimess (DCS) and bene
necrosis during the period of several years which will be needed to
develop, test and implement new tables or an appropriately refined version
of the current ones.

The situation is this. The current caisson and tunnel tables have not
been found to be ineffective in preventing dysbaric osteonecrosia in the
range of working pressures up to around 3% psi, but recently cases of bone
necrosis have come to light which have resulted from work at pressures
greater than 36 psi (Kindwall, et al, 1979). In both the BART job and one
in Washington state an unacceptable incidence of DCS in the working ranges
deeper than 3C psi has been seen, ané unpublished studies have shown that
workers are experiencing but not reporting decompression siclkness at depths
as shallow as about 15 psi. Up to 26% unreported bends were noted in one
study which permitted the workers to remain anonymous {Xindwall, 1979).
These bends seem to be rather well distributed over the entire range of
pressures deeper than about 15 psig, and are not concentrated in the high
pressures. '

The decompression tables in current use are those developed originally
by Duffner and which became known as the "Washington State” tables. The
same tables were adopted by Wisconsin and several other states, and are the
ones adopted by OSHA and published in the Federal Register (Vol. 36, No.
75, 17 Apr 1971). They were a big improvement over earlier ones, and it
was only after several years of use that any problems began to show up.
The effectivenesa of tables can only be determined by their being used, and
if problems are late in showing up it is likely to be because they have not
been used enough. '

In response to these reports of bone necrosis at the higher working
pressures, and of the continuing occurrence of decompression sickness, Dr.
Alan H. Purdy of NIOSH contracted with the Undersea Medical Society *c¢
conduct a workshop study of the feasibility of interim tables. The first
such workshop, held 1979 .Jul 23 (Shilling, 1379), is discussed in the next
section, and the second, held 1980 Feb 28-29, is the subject of this
report. .

The working group ietermined, on the basis of an examination of the
proposed interim tables in the light of its collective experience, that the
tables were likely %o be better than the current 0SHA tables, and that
their release for interim use was feasible.
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1I. SUMMARY OF THE FIRST WORKSHOP

The work order from NIOSH to UMS, No. 79-3851 and dated 147¢ Aug 2,
called for determination of "the feasibility for developing interim
decompression schedules to replace the present federal schedules which have
been shown to be dangerous to tunnel workers.” According to the work order
the interim schedules should have

1) A maximum decompression sickness rate of 5% with non-
gserious classification.

2) A maximum dysbaric osteonecrosis rate of 4% with shaft
lesions only.

3) A tunnel or caisson depth of at least 112 feet {50 psig).

The group convened included physicians experienced in medical
management of tunnel jobs, an engineer with extensive tunnel experience,
regearchers in development of decompression procedures and representatives
from federal agencies.

The group dealt with two main topics. The first was to evaluate
whether interim tables could be produced and implemented and whether they
could be expected to meet the criteria, and the second was %o prepare
definitive sgpecifications for the computatlon of such a set of interin
tables.

These tables were to be computed by Mr. Peter Edel, who was to do this
as a subcontractor under a NIOSH contract to St. Luke's Hospital,
Milwaukee. Principal Investigator on the contract is Dr. Eric Kindwall;
its objective is to use laboratory testing with ultrascund and nitrogen
washout studies to validate a set of tunnel and caisson tables which can
eventually replace <the current OSHA ones. The "interim” tables being
evaluated by the workshops can be a starting point for this development
program. It is propecsed that these be introduced as optional, interim,
tables by means of OSHA's Current Information Bulletin.

In addition to reviewing the statistics given in the introduction, the
group discussed other deficiencies in the current OSHA tables, including
the hypothetical half times used in their computation, the lack of a true
"saturation" profile for long shifts, and inconsistencies between tables.
One aspect of the current tables with which Dr. Xindwall strongly objects
is the long time spent at relatively low pressures (under 4 psi).

Bo existing set of tables known to the group and in current use were
conaidered to be acceptable as 3 gubstitute for the OSHA tables. of
particular interest are the Blackpool tables used in the U.K. These do in
fact compare favorably with the OSHA tables, especially for shifts of less
than 4 hours, but are nevertheleas felt to allow too hlgh an incidence of
bone necrosis,

The use of saturation procedures was considered a promising prospect
for some of the larger jobs, dbut this would not meet the need for routine
tables.

vr\Wm
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The central question asked of the workshop was whether it would be
rossible to calculate a set of interim tables which are definitely no less
safe and which can reasonably be expected io result in less DJS and bone
necrosis than the current ones. It was agreed that this was feasible. No
one felt that this was likely to result in the best possible iables, but
chances were considered gquite good that a set better than the OSHA tables
could be devised. It was agreed that it would be safe and proper to offer
tables produced in this manner for opiional interim use, but that long term
evaluation would be necessary before they should be promulgated as
“official.” b

The matter of evaluation or "testing” of a set of decompression tables
was discussed with regard to the proposed program. The group agreed some
testing was necessary, but it was pointed out that a great many tests are
needed to establish an incidence with any degree of confidence. .
Decompression tables based primarily on experience ~- hence empirical --
could be considered as "pre-tested”. Llaboratory tests which use DCS in
human subjects as the experimental "end point"” serve the important purposes
of discleosing blunders and satisfying ethical formalities, but they are of
little value in defining low level incidences. Ultrasonic bubble detection
or other measures of assessing decompression adequacy may greatly amplify
the information obtained from tests, and their use on the longer range
project was endorsed. The group agreed that the only way at the present
time to evaluate decompression tables fully is through their use in the
field.

It has to be considered also that laboratory tests of this type of
pressure profile expose the experimental subjects to a significant but
acceptible chance of getting bone necrosis. Although tests might cause
bone necrosis it is uniikely that they might 3o so socon enough to be of
experimental value, and to do this intentionally would of course be
unéthical. The group feels that tables which eliminate DC3 will g0 a long
way toward complete elimination of bone necrosis.

The computational methods used by Mr. Edel are hased on the widely
used Haldanian or neo~Yaldanian principle, but the apecific computations
and many of the parameters used are proprietary. The group was clearly not
happy that they could not review these details, but they acknowledged that
this was "industry practice” for decompression computations. Because they
know Mr. Edel and his experience they reluctantly accepted the situation.
The group recognizes him as one of a very few who are gqualified to compute
these tables. '

The group came up with certain guidelines for Mr. Edel to use in
constructing the tables. Staged rather than continuous ascent was
selected, but gome prefer continuous; the choice is primarily operational,
as it geems %o make little difference physiologically. Stops are to be for
2 psi increments from 14 to 50 psig, and times every half hour to 8 hours.
Saturation decompression shall be possible from any pressure. 4An oxygen
variant of the tablea is to be provided. The tables need only be useable
at gesa level. Tunnel temperature is assumed to be 60° F. From a gas
loading point of view the tables are to assume each worker has been exposed
to the same profile the preceding 4 days; only one shift per 24 hour day

is to be performed by each worker. ne
- o~
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The workshop ad journed with the understsnding that they would have an
opportunity to review the tables produced by Mr. Edel, and that if in the
judgement of the working group they meet the requirements for interim
tables as discussed the group would endorse them for use.
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III. REPORT OF THE SECOND WORKSHOP

This nmeeting was convened te review and discuss the decompression
tables produced by Peter Edel following the first meeting. It was
requested by Purchase Order 30-2452, which had the same specifications as
the first (above) except that a fourth was added:

"1f necessary, make recommendations for modifications of the
interim tables to meet specifications 1) through 3).”

A. Autodec G-3 tables

Using the Autodec computer program proprietary to Sea-Space Research
Company, Inc., and modifying it as necessary to meet the specifications
determined at the first meeting, Mr. BEdel oproduced three sets of
decompression tables. These are designated G-3A for the air tables, G-3B
for those using oxygen, and G-3C for the saturation decompression profile.
They are found in the appendix to this report, along with some descriptive
information about assumptions used in computing them and jnatructions for
their use.

Shortly before the meeting these tables were sent to participants in
the second workshop. -

#

B. Participants

Dr. Albert R. Behnke, Peter BEdel, R.W. Hamilton, Ph.D., Dr. Eric .P.
Kindwall, Joseph LaRoccz, Alan H. Purdy, Ph.D., and Dr. C.W. Shilling were
oresent at the first meeting and were alsc at the second. Also at the
second meeting were: :

Lorin ¥. Lorig,

STRAAM Engineers, Inc.
Lexington Building
11900 Parklawn Drive
Rockville, MD 20352

Allan "Tke"” Martin
© CSHA, U.S. Depariment of Labor
Washington, DC 20210

Richard Vann, Fh.D.

F.G. Hall Laboratory

Duke University Medical Center
Turham, NC 27710

Mr. Arthur Chase was unable to attend the second meeting, bdut his
technical specialty was covered by Mr. Lorig.

The discussion showed that this group were dedicated, experienced
professionals who sincerely wish to reduce the incidence of decompression
sickness and dysbaric osteonecrosis in caisson and tunnel workers to as
close to zero as posaible without making tunnel construction physically and
economically unfesasible. g”
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It is relevant to point ocut that <the working group includes four
pecple who engage in decompression work as their primary professional
activity, and others who are concerned with it frequently. Decompression
is still far enough from being an exact science that there are many
approaches to its different facets and a variety of valid opinions about
how to do it. It is unrealistic from the start to expect a group of this
sort to agree on more than a fraction of the questions it may consider on
this subject. The group, however, 4id agree that it is difficult to judge
the merit of a1 new decompression procedure, and impossible to do it in =2
really quantitative way without actual field use. -

It is reasonable to expect the groups opinicn to say whether the 5-34A
tables appear to be bettsr than the O0SHA tables or not (or at least no
worse), and what specific steps might be taken to improve the chances that
they would be better. This was done.

Another aspect of this commentary is the social difficulty created by
the situation in which several professicnal workers, all of whom are long
time friends, openly must critique the work of a colleague (and
competitor). This is awkward at best, but is made even more difficult by
the fact that the oritics in the group are not well enough informed as to
what the G-3 tables are and how they were derived for them to be as
'specific as they might like to.

C. Need for improvement

This and subseguent sections report the deliberations of the working
group in the 2-day workshop. A draft report of the meeting circulated on
1980 May 30 elicited comments from some members of the group, but most of
these comments dealt with matters which have been corrected so are not
included specifically. Comments submitted by mail after the meeting were
not subject to rebuttal by other members of the group so they are
identified separately in the report. Some material in the second meeting
which is redundant with the first is not reported a second time.

The meeting began with 2 reminder by Dr. Shilling  about its
objectives, that the group was to determine if the new interim tables were
good enough to be used until new cnes can be developed.

Next Dr. ¥indwall reviewed some specific cases of bone necrosis from
his report {Xindwall, 1979), which add further support to the premise on
which the project is based. He reported that he was able to obtain a set
of bone x-rays on 21 of 30 workers who had worked at greater than 36 psig
on a contract in Milwaukee which worked to 4% psig. The incidence of bone
necrosis in this group was 3%%. One portentious aspect of his findings was
that several of the cases had had c¢lean x-rays several jyears ago, had
stopped compressed air work, then two or three years later began to show
lesions, some of them disabling. Another interesting and puzzling aspect
of his findings is the observation that there are few cases of DCS --
bends -~ at pressures above 36 psig, but that all the potentially disabling
bone necrosis found is in workers exposed at this pressure or higher. -
Consistent with earlier ekperience, no correlation was found Dbetween
gspecific locations of bends and necrosis, and bends (DCS) do not seem to be
a precursocr of bone involvement. . O

U
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The group reaffirmed their earlier conclusion that improvements are
needed in the tables required by OSHA. They further acknowledged +hat
interim tables will have to be based on experience 'and judgement, and that
there is at present no way to predict the degree of improvement or
predicted incidence of either DCS or osteonecrosis. It was reiterated that
OSHA would find it difficult to issue new tables or condemn the current
ones without NIOSH's recommendation. However, NIOSH can act by pudblishing
interim procedures in its Intelligence Bulletin as a matter of public
information with probable benefit.

New tables could be used with a variance, and OSHA can invite
applicationa for variances along with an announcement of the new, optional
tables. Dr. Purdy pointed out that if he is aware of procedures which will
improve the safety and health of workers he is required by his job to
disseminate them.

D. Comments on the G=-3 tables

Dr. Behnke spoke out for "deeper stops,” or breathing air at higher
pressures for a longer ftime during the decompression. Mr. Edel said when
he tried computing with deeper stops it provided "no greater safety.” He
would not elaborate on how he reached this conclusion. Dr. Vann disagreed
with the need for Aeeper stops, but Dr. Hamilton felt that they might be an
improvement and was not satisfied with Mr. Edel's answer. For example,
after 2 hours at 50 psig the OSHA table begins to slow the initisl rate of
ascent at 34 psig, while the G-34 calls for the initial ascent %o go all
the way to 20 psig; he feels this "first pull” might well be enough to
trigger bubble formation. Dr. Behnke made some specific recommendations
about how the tables should be computad (or should have been computed).
One suggestion was tha%t a 15 minute compartment be added to the 30, 60 and
120 minutes used by Duffner, in order to slow the initial ascent. (It is
likely that Autodec uses a shorter first compariment half time than {5
minutes, but this was not brought out at the time.)

Dr. Kindwall had expressed earlier his feeling <that the current
tables, especislly the shorter shifts, spend too much time at low
pressures -~ 33y between 4 psig and the surface. This might be corrected
by spending more time at the deeper stops. Thus there are two aspects to
the "deeper stops" requirement, first a need to reduce the speed and
magnitude of the first ascent step, and next to reduce the amount of time
spent at the shallow stops. The group fell in general that the G-JA tables

spend a good portion of the decompression tlme at fthe shallower stops
("like treatment tables").

Dr. Hamilton suggested by mail that the sleep stops he included only
in shifts requiring a total time of work plus decompr9531on of 16 hours,
rather than the 8 presently used.

There was a general feeling among the group that any of the OSHA
tables which “"work” should be retained. There ia little reason to believe
that any of the current tables are overly conservative, and if practice has
shown that certain ones are safe then there is no reason to discard them.
This might be interpreted on the basis of total decompression time, which
is pgenerally but not completely correlated with successful decompressicn.
M-a+ ia anve all the OSHA tables that are longer that the new G-3A's. It
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was felt that the interim tables should not be appreciably shorter than the
existing OSHA tables in the shallow range {less than 30 psig), but that for-
pressures higher than this definite increases in decompression fime were
called for. Dr. Vann produced a chart (sent in by mail) which shows that
in the shorter, shallower part of the pressure range, roughly less that 3
hours and shallower than 26 psig, the Autodec tables are shorter than the
OSHA tables.

Although the group in the first meeting agreed that these tabley
should operate with stops rather than a series of continucus
decompressions, there was some support for the latter. method. The
peasibility of offering both methods was suggested.

There was general agreement that there would likely be subsequent
changes in the tables originally issued as “interim.”

E. Oxygen, saturation, end the split shift

Dr. Behnke advocated use of oxygen to gpeed decompression and to
provide more working time in an 9-hour shift. The group agreed that oxygen
breathing would allow for a faster decompression and hence a longer work
perigd within an eight hour day. They unanimously endorsed its use as a
means of improving decompression safety. Mr. Lorig feels that oxygen might
be feasible and we¥l accepted because of the big time saving (about 50%).
The long air decompressions in one way are a negative safety f{actor,
because the shorter shifts cause more people to be exposed and some of
these have inadequate work experience and may not be as safe on the job.
It was pointed out that oxygen use might not allow longer work periods in
all states; for example, in New York the shift time is limited by union
contract and would not be changed (easily) by the advent of new tables.

Dr. Behnke feels oxygen might also help “"keep nitrogen out of the
bones” when used with a split snift. The split shift allows the workers %o
- return to surface pressure for a lunch break, then finish the work day with
a second shift. This is in effect a partial decompression, and should
significantly reduce the total gas load which has to be removed at the end
of the day if the second shift is not wery long. There is nothing
fundamentally wrong with the split shift concept, but there is limited
documented experience in its use; it has to be managed 30 as not to create
bubbles which will be difficult to get rid of later. The split shift
method is not under consideration for +this immediate project, bdbut it
remains an attractive option.

The group agreed that the G-3B tables meet the need for oxygen tables,
although it was aknowledged that no one really knows precisely how much
"credit” to give for the use of oxygen in a decompression. The G-3B tables
appeared to the group to be safe, but the reservations about the depth of
the first stop still apply. A maximum CPTD of about S00 was recommended
for daily work (this is a measure of oxygen exposure and should be taken
into sccount in the table computation). It was suggested that oxygen
breathing is more effective at pressures above 15 psig (but below %foxicity
limits), and frequent =ir breaks were recommended by some participants.
Also, appropriate fire safety rules need %to be developed and implemented if
oxygen breathing is to be used.

97



Dr. Behnke presented his views on the use of the habitat or NCAA OFS
concept, an approach which he has been promoting for many years (30 years
before the NOAA OPS operation!) By this method the workers would live in a
chamber at some intermediate pressure between surface and the work site and
would make pressure excursions to g0 to woark. For the range of pressures
used or contemplated in tunnel work they could perform long shifta; this
could be carried out for sz few days and this crew could be decompressed and
replaced by another. The group agreed that the G-3C saturation
decompression procedure provided would make this concept practicable and
that it was therefore a valid option for the proposed interim procedures.

The group seemed quite plezsed with +the appearance of the G-3C

saturation profile, but not much time was spent discussing 1it. I
anything, it was felt to be a bit too conservative.

F. Testing

Dr. Behnke felt the G-3 %tables should be tested before being used. 1In
response to this Dr. Vann pointed cut that hundreds of identical tests
would be required to establish with confidence that a given profile met the
requirements for less than !9 DCS. Dr. Hamilton made the point that the
value of "testing" of decompression +tables was misunderstood by most
pecple. A few laboratory decompressions will disclose if there has been a
catastrophic blunder in the computations, but the number of teats required
to establish an "incidence" with proper statistical confidence 1is
prohibitive.

Dr. Kindwall offered to perform a few tests under the same conditions
as a specific job, if a contractor wants to use the new interim tables on =z
job. This is an important point, and in effect can answer rthe need for
testing of the interim %ables. If this is done then any uge »f the interim
tables would be preceded by some highly appropriate tests. There are few
enough such jobs that Dr. Kindwall can easily accommodate them within the
scope of his contract. A few tests of a specific profile are more valuable
than a large number scattered about a complete set of tables. ~ This offer
should be stated along with the issue of interim tables.

Dr. Behnke reiterated his feeling that the G-3 tables should not be
released without testing. He did not answer the point about the value of a
few tesats in establishing incidence. The testing recommended at the
meeting called for 10 aubjects to be exposed for 10 consecutive days at 36
psig for 3 hours.

Dr. Behnke developed his views more fully in an extensive set of memos
sent by mail. After the draft report he reiterated his opposition to the
issue of interim tables of any sort without testing. This is a matter of
principle, because he feels with the group that the Autodec tables are
likely to be an improvement over (OSHA, especially if they are redone to
include the suggested changes. He feels that 100 teats {as proposed at the
meeting) would normally be expected to show perhaps 7 or 8 cases of ICS.
{He did not cite this expected incidence at the meeting.) He advocates 100
¢lean exposures before issue. He offers two cptions to the G-3A tables.
First is a means of making the appropriate corrections to the Blackpool

'jli“
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tables, the other is a modification of the OSHA tables in the directions
discussed at the meeting. His propesed changes lock quite reascnable, but
he did not cite a quantitative rationale for them. [BEditor's note:
Although it was not clearly stated at the meeting, it seems that many of
the group agree with the principle that small modifications of tadles that
are close to being satisfactory may be 3 better means of improving
decompression than starting over. From +the discussion and c¢pinions
offered, it is 1likely that had Autodec produced tables looking 1like
Behnke's modifications the acceptance would have been far more
enthusiastic. | :

Although Mr. Edel did not go into detail about the Autodec program, he
discussed its concept: It uses data from many previous dives and pressure
exposures to draw the profiles. It is entirely empirical in its operation,
although a mathematical model is used to interpret the data and compute the
resulting tables. In addition to the fact that the profiles are bdased on
experience %o begin with, Autodec's regults have been compared to tables
from other sources. Thus the use in the field of an Autodec tsble by no
means constitutes decompression with an "untested" table. Such might be
the case if a new model or theory were used, but for a sysiem Dbased
entirely on past experience and with a proven low level of incidence in
other applications, conirolled field use of these tables is entirely
appropriate. They'are, in a sense, pre-tested. It was brought out that
there is plenty of precedent for issuing tables without laboratory tests,
that all of the tunnel tables in current use were implemented without %them.

These comments about testing apply to cases in which the end point is
decompression sickness. Other techniques are availsble, and Dr. Xindwall
plans to use some of these in the testing and evaluation program which is
proposed to result in a more refined and tested set of tables; these might
well be adopted by OSHA 2s mandatory. (Dr. Hamilton warned against the use
of terms like final or permanent, since a decompression table may never be
perfect, and, even if it were it would take years of use 1o establish that
fact.) The testing Dr. Kindwall plans to use was reviewed at the first
workshop; it consists ¢f using nitrogen washout and ultrasonic imaging of
bubbles to establish objective criteria as +to the effectiveness of the
decompressions, and %o use these factors as well as any incidences of IC3S
to determine the relative effectiveness of the various tables. It was
suggested that altitude provocation be considered as a technique; this
allows the results of different tablea to be compared with higher
gensitivity and less risk.
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ILCOMMENDATIONS

The Undersea Medical Society Tunnel Decompression Working Group makes
.~o following recommendations as a result of i%s deliberations in two

vargshops:

t. We concur that the current O0SHA %zbles for tunnel and caisson
«work need improvement. As far as we know there are no decompression tables
in current use which are acceptable for this type of work and which have a
suitably low incidence of d4ecompression sickness and  dysbharic

osteonecrosis.,

2. We acknowledge that field use of provisional fables derived from
previous experience is an effective means of bringing new decompression
technology into use, provided the tables introduced in this manner are
sufficiently like ones with a proven reccrd, and that results of early use
are monitored and results fed back. We-see an effective mechanism for this
in the variance procesas required by OSHA for use of interim tables, coupled
#%ith the ongoing development program of Dr. Xindwall's contract, and we
encourage that a feedback arrangement be implemented. We presume that this
plan is consistent with continued, ongeing improvements.

3. We aasessed the G-3A air decompression +¢azbles produced by Mr.
Peter Fdel in relation to the current OSHA tables. A3 s result of our
examination of the tables, and on the basis of the methods used to derive
them and the experience behind them, we feel subjectively that the G-34
tables in general use can be expected o result in less decompressaion
sickness and bone necrosis than the current OSHA tables.

4. The group, with the possible exception of Dr. Behnke, scknowledges
the feasibility of issuing of the G-34 t{ables on an interim Ybasis, along
with a lahoratory program for spot <checks of the specific profiles
applicable to jobs to be performed with the interim tables. We recommend
the G~3 tables as a starting point for az long term program to replace the
current OSHA tables.

5. We feel that certain improvements might make the G-JA tables even
nore effective:

a. Parameters should be adjusted so as to reduce the
magnitude of the initial ascent. Thus ascent should not exceed,
substantially, the initial ascent wused in the QOSHA tables on
which experience has been successful.

b. Where possible, without exceeding criteria for safe
decompression, more time should be provided in the middle part of
the decompression and less in the shallowest (4 psig) stop.

¢. The program should - be adjusted so +that tables with
decompression times substantially shorter (e.g., by more than
10%) than the O0SHA tables are Dbrought in line with the
established times until the safety of the shorter times has been
demonstrated. '

~
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6. We endorse the release of the G~3B tables using oxygen as interinm
tables. Modifications recommended for the G-3A tables can be applied +o
the G-3B tables as well. Some suggestions are offered regarding oxygen
breathing. Fire safety procedures should be included with any release of
oxygen tables. ' '

T. We endorse the release of the G-3C saturation decompression table
and encourage its use.

8. We recommend that NIOSH request the continuation of this working
group to monitor the continuing development of improved tunnel and caisson
decompression procedures.
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APPENDIX XIV

INSTRUCTIONS TO COMPRESSED AIR TUNNEL WORKERS

Compressed air tunpneling or caisson construction is a successful technique
that has been used since about 1846 for mining and other underground projects
throughout the worid. It has also been used for constructing tumnels and bridge
foundations. However, most workers having had no previous practigal experience
with it are unclear about its uses in tunneling.

The principle behind the use of compressed air in tunneling is guite straight-
forward, Whenever a tumnel is being driven in soft ground containing a large
amount of suspended water, due to a high water table or due to location near a
large body of water such as a river, the excavaﬁion'?ill begin to fill with water
that seeps through the .walls and face of the tunnel. Additionally, the ground may
be so wet that it will not stand up on its own, making it difficult or impossible
te mine at the face. Increasing the air pressure within an enclosed tunnel will
force water out of the soill in the tunnel's immediate area thereby "arying" the
face with an invisible wall of pressurized air and allowing the muck to be mined
and shoveled into the muck carts. Alse, air pressure pushing on the circular walls
of the tunnel tends to.support the tunnel, thereby eliminating the chance for cave-
in prior to concreting the walls. Naturally, the air pressure required to dry a
tunnel varies from job to job.

At pressures less than 17 psig, asaptic necrosis of the bone or "bone rot"
has not caused a problem, However, decompression sickness or "the bends" could
concelvably occur in a small percentage of tunnelers even at lower pressures. For
this reason, special'aftention has been paid to the decompression schedules which

you will use, and all decompressions will be carried out in strict accordance with

o
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the latest recommendations of the National Institute of Occupational Safety and
Health and the Occupational Safety and Health Administratiom.
Your company, in close cooperation with the above mentioned agencies and
Qith specialized hvperbaric medical comsultants, has carefully examined all as-—
pects of this project to be sure that there will be adequate and appropriate safe-
guards for your safety at all times, particularly when oxygen decompression is in
use. In the final analysils, however, the safety record for any coustruction project
ultimately is your own respeonsibility. B} strict observance of the rules and under-
standing the reasons for them, you can insure that this job like any other can be
carried out in complete-§afety.
Because you will be working in compressed air, OSHA and your company feel that
the following information will be helpful to you:
1. Leave smoking materials in the changing shack. Hydraulic
0il is flammable and should a fire start in the closed en-
vironment of the tunnel, it could cause extensive damage
;nd a shutdown of the job which would lay you off work.
4lso, because the air is thicker in the tunnel due to
compression, heat is conducted down cigarettes so that they
become too hot to hold as they get shorter. CIGARETTES,

CIGARS, PIPES, MATCHES AND LIGHTERS ARE STRICTLY PROHIBITED

FROM BEING TAKEN INTO THE TUNNEL OR DECOMPRESSION LOCK.

2. Do not bring thermos bottles in your lunch box unless you



locsen the cork during compression. If you do not de this,

tﬁe cork will be forced deep into the thermos bottle. During
compression, the cork must also be loosened so that the bottle
does not explecde. Very fragile glass thermos bottles might
implode when prassure is applied, even if the cork is loocse.
When the airlock dqor has been closed and pressure 1s applied,
you will motice that the air in the airlock gets warm. This

is called the "heat of compression' and is normal. Once the
pressure stops changing, the heat will dissipate and the tem-
perature will return to normal. During compression, the first
thing you will notice is‘a fullness of your ears and uniess you
"cléar,your ears" by swallowing, yawning or holding your nose
and trying to '"blow the air out through your ears", you will
experience ear pain during compression. Once you have reached
maximum pressure, there will be no further problems with your
ears for the remainder of the shift. Sometimes, stretching
your neck away from the affected side where pain is occurring,
can help clear the ears as you swallow. When the nose is held,
it must be held tightly and you must blow very forcefully with
your mouth closed to equalize your ears. The reason your ears
may not equalize easily is that the middle part of the ear struc-
ture in your head has a very small opening to the throat on the

inner end of a connecting tube called the Eustachean tube. 1If



this slit~like opening is blocked, air pressure pushes

on the eardrum causing pain. If air can be admitted

through the Eustachean tube to the middle ear from the

back of your throat, the pressure is equalized and no

pain occurs. Should you experience pain during compressionm,
notify the foreman immediately so that compression can be
stopped until you have managed to clear your ears. Some~-
times reducing the pressure a ;ouple of pounds will allow

the ears to clear and then pressure maﬁ be safely applied
again to reach the pressure in the heading. Trying to

force the ear when 1t will not equalize or trying to

"tough it out" may result in a broken eardrum. During de-
compression your ears may pop and squeak but it is not neces-
sary and indeed, it is forbidden to hold your breath and blow
into your ears. The air escapes from the middle ear very
easily during decompression and needs no help although it may
be noticeable by the clicks, pops and squeaks.

Should you experience buzzing in your ears, ringing in your
ears, or deafness following demompression which persists for
more than a few ﬁours, you must report\to the compressed air
physician for evaluation. Under extremely severe but rare
conditions, a pertion of the middle ear structure other than
the eardrum may be affected if you have had a great deai of

diffilculty clearing your ears and in that case this must be



surgically corrected within two or three days to avoid
permanent difficulty.

Other areas of the body which contain air are the sinuses

‘of the face and head. These are pockets of air inside the

bones of the face and in the middle of the head which nor-

mally communicate through the nose to the outside. As long

as the openings to the sinuses are not blocked by swelling or
mucus, they cause no problem.“iIf they are blocked, you may
experience pain over either or both eyes, in the cheeks or if

the one in'the center of the head is involved, the pain will
radiate to the back of the head. There is little you can do
immediately if a sinus is blocked other than take your time
compressing or use a decongestant nasal spray. Sometimes,

a2 "sinus squeeze' caused by compression will causé you to spit
out blood which comes from the back of your nose. This cccasion=
ally is not even associated with much pain and is of no serious
comgequence.

If you have trouble equalizing you:—ears or sinuses, it is some-
times helpful to take decongestant.tablets or capsules which can
be bought at any drug store. They are often used by cold and hay
fever sufferers. If difficulty persists, with pain in the sinuses
or the ears while compressing each day, see the compressed air
physician as he may be able ﬁo suggest other means to take care

of this problem.
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If you have a cold or an attack of hay fever, it is best not

' to try compressing in the air lock until you are over it.

Colds tend to make it difficult or impossible for you to equalize
your ears or sinuses. :
Very occasionally, some people experience pain in a filled tooth.
This may happen if there is air under a filling, and it cannot
easily equalize., If you explain this problem to your dentist, he |
can reéair it, Unfilled teeth even with bad cavities in them rarely
i1f ever, present problems.

False teeth and contact lenses as well as regular glasses, can be
worn with perfect safety in the compressed air environment.

Should anybody sustain a severe injury to his chest, back or

tib cage while working at pressure in the tunnel, special care

must be exercised before and during decompression. If the vietim
has a broken rib which has ﬁunctured the lung, air can leak ocut

of the lung and collapse the éood lung as it expands inside the

rib cage during decompression. Anyone suspected of having such

an injury should be examined by the compressed air physician before
he is decompressed and shculd only be decompressed under his super-
vision.

During decompression, the air in the manlock will become cold

and this is known as the "chilling of decompression" which is
entirely normal. Fog may form in the chamber. Again, the tem-

perature will return to normal and the fog will disappear as soon
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13.

as the pressure stops changing when you reach the surface.
It is éery important that you breathe normally during decom-

pression and not hold §our breath for any reason. This is be-

cause the alr must freely exchange in and out of your luﬁgs to

avoid air trapping in the lungs. Should this occur, the lungs

will overexpand and theoretically aould rupture with the possi-
bility that air could be forced intoc your bloodstream with very
serious consequences to your brain. This kind of disorder is called
air embolism and while experienced by divers, it has never been
truly proven to happen in tunnel workers. Nevertheless, you should
be aware of this theoretical possibility and its symptoms. These
could include unconsciousness, paralysis of one side 6f the body,

or one pupil may appear tc be higger than the other. These symp-
toms, should they ever appear, would come on immediately (within
seconds) after the decompression is completed and there is no
possibility of their occurring later. Should anyone ever experience
collapse on leaving the chamber, he should be immediately recompressed
to 60 feet breathing oxygen in the emergency medical lock located
topside and the physician must be notified.

Because compressed air is used on this jobh, an émployee must take
proper decompression every.time he locks out during or at the end

of a shift. Each decompression must-be in accordance with the
officially approved decampression schedule posted on the inside

of the combination lock. Also, everytime an employee enters or



leaves the compressed air environment, he must be registered in
the special log book which is kept by the lock tender. No employee

may undergo more than one decompression within any 12 hour period.

14, Avoid taking round faced watches into the working chamber unless
they are definitely labeled to be pressure-proof., Sometimes,
compressed alr can leak inte a "water resistant” watch and then
during decompression when the air inside the watch expands, the
crystal will poﬁ out. Square faced watches are usually leaky
enough so that this does not happen;

15. Should you experience any kind of discomfort at any time during
‘or following decompression, you must notify the supervisor immediately
so that a medical evaluation may be made. If you were to develop
signs or symptoms of decompression sickness, early treatment will
greatly shorten treatment times and reduce your discomfort. Also,
it is important that all cases of deéompression sickness be reported
so that the safety and efficacy of the’decompression tables can be

continucusly monitored.

I hereby certify that I have carefully read the above information or have had it
read to me and that I have been allowed sufficient time to study and fully under-

gtand it,

Date: Signed:

Name: (Print)




APPENDIX XV

Sonic Tissue Imaging of Fixed Bubbles

ULTRASCNIC DETECTION OF STATIONARY
BUBBLES IN ASYMPTOMATIC HUMANS *
Eric P. Kindwall, ¥.D. and *Hewlett E. Melton, Ph.D,

Medical Director
Department of Hyperbaric Medicine
St. Luke's Hospital
2900 W. Oklahoma Avenue
Milwaukee, Wisconsin 53215 U.S.A.

*Director
Research and Devalopment for Cardicimaging
Diasonies Inc.
, 1708 McCarthy Boulevard
Milpitas, California 95035 U.S.A.

INTRODUCTION

The technique to detect stationary tissue bubbles during and
following decompression using ultrasound tissue imaging was first
conceived by MacKay? in 1963 and later put into successful prac-
tice by MacKay and Rubissow3. These studies were dome for the
most part in small animals decompressed from depths as great as
13 atmospheres. In this project, we hoped that we could demon-
strate the formation of decompression bubbles before they pro-
duced symptems in human beings.

Methods

After discussion with co-investigator Melton, a specialist
in ultrasonica, the ADR ultrasonic tissue imager operating at a
frequency of 5 mHz was selected. The ultrasonic scanner was
connected te a strip chart recorder using & signal processor
which had as its function to take the video signal as it was
delivered to the (RT screen and integrate the changes in the
imzge elerents so that they could be displayed as a single line
chart recording. Initially it was not known whether the appear-
ance of bubbles would lead to an increase in the nuule - of image
elements contained in scans of the selected tissues ux whether
there would be an increase in the strength of image =lcaments

* Presented at the Third International Symposium of University
of Occupational and Envirommental Health, Kitakyushu, Japan
October 28, 1983



REn

E. P. KINDWALL and H. E, MELTON

contained in scans of the selected tissues. Depending on which
hypothesis was true, a4 suitable integrator had to he buile,
Initially, the integrator was constructed te detect an increase
in the number of image elements contained in the scan.

Transponder placement

The placement of the scan head was the next problem to solve.
Motion of the subjects which would displace the scan head aven
slightly during the course of an experiment could severely alter
the readings. We did studies in vitro with chunks of meat which
had been saturated at high atmospheric pressure and then decom-
pressed with the scan head coupled to the surface of the meat
using a water coupling. We felt that bubbles could be detected
in nonviable meat. Therefore, we turned our attention to as-
sessing various methods of placing the scan head on the human.
The Oxford group (Daniels et al) had previously used the ADR
machine strapping the scan head to the antero-medial thigh but
we found this method toc unstable to generate reproducible dacta.
We tried applying the transducer directly toc the skin and then
we also’built a water-filled plastic standoff with a thin rubber
diaphragm closing it where it rested on the skin to avoid pog-
sible blanking out of the electronics by bubbles appearing with-
in the first centimeter.

Experiments were alsc carried out using a water bath coupling
in which the arm was immersed but this proved too tiring to the
subject aven when a cast was applied to keep the arm steady.
Bubbles in the water also produced artifact and we found that
bubbles also appeared on the skin surface. The subscapular fat
pad was unacceptable as respiratory movement produced artifact.

Finally, we analyzed the cases of decompression sickness in
tunnel workers previocusly treated at this facility and discov-
ered that the vast majority suffered symptoms {n the lower limbs
from the knees down. Therefore we made individual bivalved
fiberglass casts for each subject in which a window was cut over
the gastrocnemius muscle. The probe, with water-filled standoff
was applied to the skin through this window with a mineral oil
coupling, This produced a steady baseline and was rolerable over
long periods to the subject. The transducer was clamped to a
steel post affixed directly to the cast adjacent to the window to
aveid movement. Care was taken so that the skin contact pressure
was low as we felt that excessive contact pressure might prevent
bubble formation during decompression in the underlying tissues,

In:egra:or

After the positioning of the transducer seemed adequate, we
still got mixed results and turned ocur attention once again to
the integrator. Two new integrator designs were made for true
integrating bubble counters. One design utilized {mtegration
followed by sample and hold and the other design utilized a more
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slowly relaxing integrator in which case a sample and heold was
not needed. The latter design worked better. The sample and
held devices were not capable of holding the integrated image
elements of values with sufficient stabllity whereas the slowly
relaxing integrater operated with the requisite stability (hold-
ing time of ! microsecond, relaxing time of 5 seconds).

Even with the new instrument which should definitely have been
able to detect bubbles, results were still mixed and ambiguous.
In a critical experiment, one of our laboratory staff members
volunteered to be decompressed after a four hour exposure at
16.34 (34 fr.), directly to the surface. He wag held on the sur-
face for 13 minutes while careful recordings were made to detect
bubble formation. There is no question that bubbles would be
generated under these circumstances. After 13 minutes, the sub-
ject was recompressed to 18M (60 fr.) and placed on oxygen. He
suffered no ovart symptoms and the safery of this experiment was
based on previous werk of ome of the co-investigators. During
the 13 minute surface interval, no bubbles were recorded using
the 5 mHz ultrasound machine. Thus, it seemed that the hypothe-
sils tested negative,

Frequency

At that time we noted that the original work carriad ocut by
MacKay in 1963 used 7.5 mHz. When we had originally purchased
the ADR 5 mHz scanner, we were told by the company that the 7.5
mHz scanner head would socon become available. However, after the
equipment had been delivered the company cancelled plans to
market a 7.5 wHz transponder. Therefore, after 8 months experi-
mentation with the 5 miz apparatus, we chose te go to'a higher
frequency of ultrasound so that backscatter from small bubbles in
tissues could be increased above the level of backgcatter due to
mechanical discontinuities normally present in the tissues. Con~
sequently, further experiments were carried out with other equip-
ment at 7.5 and 15 mHz. However, these experiments failed to
vield consistant results. By July of 1982, we had concluded that
- ultrasonic tissue imsaging of stationary bubbles was not possible
in asymptomatic human beings at least using the equipment we had.
At that time we had concluded that if small bubblas were to be
detected in muscle, the frequency had to be greater than approxi-
wmately 16 mHz for bubbles of approximately 5 mHz diameter. This
calculacion was conaistent with our findings to that time with
decompression bubbles in vive.

Threshold

During the summer of 1982 Dr. Melton continued werking on de=~
termining the correct threshold for detecting bubbles against
tissue backscatter background. By measuring the sonic reflection
from individual bubbles produced electrolytically, and also mea-
suring baseline gastrocnemius muscle backscatter in vivo as well

S
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as cardiac muscle backscatter in vitre, it was determined that
backscatter from muscle is of the order of 10 times larger than
backscatter from isclated bubbles of less than 5 microns., By
September of 1982 it became clear that we had set our threshcld
for detection of bubbles of the order of 20 to 30 times too high
and that the integrator had to be further modified. Thus, with
the threshold set quite low, although it was feared it might be
too sensitive, & possible baseline settings were contemplated.
These correspond to the region of backscatter applitudes where
bubble scattering is located.

The measured average backscatter for muscle was approximately
-30 db {(normalized to a perfect reflectoer) whereas the measured
average backscatter for isclated bubbles of 40-50..m diameter was
approximately -60 db. The above measurements were made using
5 mHz operating frequency (nominal). From the measurements the
average normalized backscatter from isolated bubbles of 2-5yum
diameter was estimated to be between =70 db and =80 db.

These results indicated to us that ultrasconic detection of
small, isolated bubbles in vive within soft issues cannot be
readily perceived in B-scan images because of the inherent ultra-
sonic speckle. The basic difficuley that thig ralses {is that the
spatial pattern depicted in a B-scan 1s not congruent with the
spatial pattern of fundamental acoustic properties of the object.
The datected rf envelone takes on a Rayleigh distribution for
scatterers. Thus bubbles could not be seen onr the CRT screen
but they could be detected electronically. TFinal modifications
were made to the integrator.

Suritching
PAM FLTER

Fig.l Circult diagram of electronics.
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In Octaober of 1982, we set the baseline for the most sensicive
setting and on October 29th, the first test was made. Since we
had not had time to establish 2 formal baseline, we presumed that
the drift we saw (in the direction of bubble formation} was sim-
ply baseline drift. Later, after a second experiment was carried
out with a steady baseline present it was discovered that the
deviation of the chart recovder print was indeed due to bubbles.

Seven bhuman subjects were exposed to pressures from the eguiv-
alent of 11 meters to 50 meters of seawater for perieds which
ranged from 20 minutes to 5.5 hours. Twelve experimental trials
were made from which satisfactory recordings could be obtained.
With the ultrasonic transducer (without the water-filled stand-
off) affixed to the right calf of each subject, with movement
minimized by the full length plastic leg cast, a baseline was
usually established on the recording graph for 13 to 30 minutes
before decompression began.

It is calculated that the instrument is able to detect bubbles
of two microns size or larger or clusters of bubbles. The tissue
slice interrogated weasures 7 cm in depth by 5 cm in length by
2 mm in width.

RESULTS

Below are representative graphs showing bubble formation
during decompression and the suppression of bubbles with recom-
pression.
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Fig.4 Exposure to 16.3M for 4 hrs. Re-dived on 0q after surfacing
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Fig.5 Isobaric shift from air to HeO, at 24.2M.

Bubbles were uniformly recorded on decompressicns from all pres-
sures tested when the exposure time had been greater than one
hour. Bubbles could not be detected in short half-time tissues
after shorter exposures even following dives to 30 meters.

We now fael that we cun demonstrate bubbles appearing immedi-~
ately as decompression commences and continue to grow and that
these bubbles are diminished on recompression. We also ran
studies on 2 occasions shifting the patient to helium isobarie-
ally at depths of 24.2M (80 ftr.) and S0M (165 ft.). On neither
accasion did we detect bubbles following the isobaric shift te

+helium from air. However, ag we decompressed from these pres-
sures, bubbles appeared. (Figure 4)

In summary, we feel we have developed a method for detecting
stationary bubbles in asymptomatic humans. The present drawbacks
or limitations are several: 1. transducer movement must be abso-
lutely avoided or the results cannot be reproduced. 2. any move-
ment of the subject during the course of the scanning may result
in the sudden disledging or disappearance of bubbles as detected
by the scanner. 3. at the present state of development we cannot
quantitate or discern the severity of bubble formation or relate
the rate of increase in bubbles to the severity of the decom-
pression. Further work will have to be carried out to refine
this technique enabling us to use it for monitoring of decom-
pression under practical conditions or make it useful in the
development of decompression tables.
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