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A 3 year program designed to evaluate new decompression tables for
cOlnpressed air workers is described. Development of tables from commercial
diving data is reviewed/ along with the general considerations and procedures
used to compare these and osHA tables using human sUbjects. Specific methods
are described for whole body nitrogen washout studi~s and ultrasonic bubble
detectiol1 experiments. The authors conclude that little difference exists
between the decompression schedules given by these decompression tables and OSHA
tables; however, the decolnpression tables are significantly better than the OSHA
tables since they COlnbine the use of oxygen and stage decompression which have
synergistic effects in increasing nitrogen elimination during decompression.
The schedules may be difficult to implement because of added eqUipment costs and
ttl€ need to retain caisson crews. Appendices are included which present tables
for oxygen and air, rules for the us~ of oxygen during decompression of
compressed air tunnel worker~, employee safety guidelines, inspection check
lists for safety engineers and physici~ns, and a report and evaluation of the
need for interim decompression schedules to replace OSHA schedules for tunn~l

WorkE'I'5.

NJO.SH-Publicatio,-" NI0SH-GrantJ Depp-sea-work ~' .
Disease-prevention) Occupational-diseascs- O' H,er- I 8o~e-dlsorder~.
H b-· > - - J lvers. yperOarl<3

yper drlc-enVlronments, Decompression-sicknes~) Grant-Number~OH-00947-0~
\,





•

,
.~

mEHIlllii

AS NOTED IN THE NTIS ANNOUNCEMENT, PORTIONS
OF THIS REPORT ARE NOT LEGIBLE. HOWEVER, IT
IS THE BEST REPRODUCTION AVAILABLE FROM THE
COpy SENT TO NTIS.

'.





-1-

NATIONAL INSTITUTE OF OCCUPATIONAL SAL, '.Y AND Hc:AtTH
RESt:!,RVi CPJ,~·;T Ii 51Z 01 Oil 00% 7-03

FINAL REPORT

Introduction and Beckground

In 1971, tile Washington Staie decompression tables f(jr' cO!1Jpressed tU!1nel
workers were ad,.~ted as the federally enforced code for decompression of these
workers. Previous experience in Seattle, San Fra.!".... i.sco and Hil'l';.:1uk:::e, Wis­
(onsin had not shown any in:: ":Jf.':-lce of aseptic n02crc;sis in tun:1el workers \-/ho
decoQpressed on these tables exclusively. Thus, :i.t I,.,~as felr. safe to adept
them for national use.

However, on a tunnel job in Hilwaukee, Wisconsin which took place between
1971 and 1973, 40 men worked on a compressed air tunnel job at pressures which
exceeded 36 psig. The OS"A code was used on this job having been adopted by
the State of Wisconsin as ea,.ly as 1970. In 1975, 3 men ,·,ho had worked on
this contract we~e discOV8red to have aseptic necrosis of the bone and on th3
basis of this, a l~IOSH grant \o.'as secured for the x-ray follow-up examinat·io:'
of the men ,"'10 had worked o.n the contract. Tw!::'nty-one of these men were lo­
cated and xo-rayed. Seven of these t\;enty-one ultimately were shown to be
sv':---.-'ri;~:,~, froQ dysbaric osteo::ecrosis due to occupational exposure in
COl:.i.i·1reS[.o... d air. l As a result of this study, it beCEln2 apparent that ne\,'
cl'2cC'''::lrre~_:8:nn schedules w€:'~e needed to replecc- the present OSHA enforced
sche:Jule.s which had created. these lesions. In addition to dysbaric osteo­
necrosis, the fede,.~1 schedules also produced an alarmingly high incidence of
deCGmpTeSsion sickness.

As a result of these findings, two workshops were convened by the Undersea
Medical Society at the behest of NIOSH to determine the fe"sibility for devel­
oping inte~im decompression schedules to replace the present federal schedules
which have been shown to be dangerous. A series of specifications Here drawn
up for these tables. The specifications vlere as follows: 1. A maximuC1 de­
cO;;lp~'~ssi:Jn sickness rate of 5~; wi th non-serious clo.ssification. 2. A rnax­
ir::.UI;l dysbaric. osteo~ecrosis rate of 4;~ \.lith ~:haft lesion:; only. 3. A Einiill1l2
tun~el O~ caisson depth of 112 feet (50 psig).

The first ceeting '...·as held on July 23, 1979 and it \;.7a5 agreed that these
tabl·.:s should be developed. (Appendi:-: XI)

V:'. Peter E~(,~ (Sea-Sp?~c~ Re.se3.rc.h Company (,: tL:lrvey, Louisi8.ne.) T".,;as en­
Ln.lE;:~< ~'i tz:. t.;,-,:. t3~,k elf produci.r:.g c0~:,putL'r gc:nt:rCit(;-:d n2\1" tablt:s b~l::;(~d 0;: 15
)''-'.J.l:~ e:;i':<" i .:::;;;:'c: '.;i. th Succ~ '_;~;fu_l ~ nd Ull:.:;UCC;;ssftll cor,JJnercial Ji ve~; fiS well as
the 1°t,krit2 div~~ And S2VY experierlce.
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1: ":<1,,1 ,:ub""quently produce"\ these ne>l tables [lnd a second \;cd,shop Inc,

c(Ynv:,:r~,>d 1;/ NIOSH «.t li::'ll:,r.se<~ Hedi~:<J.l Society IlcadqllJ.rters to eVdluate the n,!I";

proposed in:.:.erim decollll:"Cl~s~;ion ta~l2.s •. (Appendi.x XlI) On 'the basis of prelicr
in<~.ry approva.l of tlL;:;,~' n __~:~.y· tGoles, at least for tl2sting, NlOSH is:.... ued the re­

search 3rant 1;<'bich i.s ',ldG~··c's~~e(! in this findl report.

Starting February I, 1980 and endin8 April 3D, 1983, these tables J;{ere
systematically tested in the labol~atory on hUlacHI subjects to det.~~i· ~..tn~~ their
safety wit.h regard to decompre.ssic<\ sickness and aspetic necro3is of the bone.

Additionally, quanti tat:,L ve meaS1..;fements \V'ere 1~dde of ni t'rogen uhole body
washou~ C'):,lf'uring th,,': OSHA schedules auc'l" the new decompression schedules. If
more niLL~,gen -:::':)uld be i/iJshe:d out of a subject after decomp!'ession on Schedule
A versus Scher'. ,Ie B, Schedule A was considered less efficient.

A third aspect of this project was to determi~~ whether or not ultrasonic
t:!.<;SU2 ._ ',-;ir..g could detect aST::ptomatic sta.tionary bubbles in hUU12as and
"'hetl,er '.< not they could be usel co quantitatively assess the efficacy or
safety of any given decompression schedule.

T,<o new schedules were ultimately developed, a set of air decompression
tables and a set of decompression tables using inter~ittent oxygen breathins.
It is s~rongly advised that the nc.w oxygen de.cu'.!~pression tables be adopted for
C~'illllle!'ical tunneling in the United States. These tables are now iabeled the
EJel-Kind..all Caisson tabLe; (Oxygen). (Appendix I)

TABLE TESTING

The main thrust of this research project ~~as to develop new decomp:C-'2ssion
t ~)le.s for compressed air ",.Jorkers which were safer thctn the currently enforc't~d

OSHA schedules. This involved the computer producti,,,, of the new table,c fol­
lower! by their testing. Mr. Edel developed a set of tables ca11,=d AutOJ2C 1,1
",.~hL'·r1 tvere equal to or longer th.:i:';' tL.e current OS':lA sel: ;:dules and which had
bC0n. based on previous coraraercial diving experience. l.:.lt.odec II was used to
a .. :yze the current OSK" schedules for adequacy (in com,1drison to Autodec II)
B.··· OS1-lA... tables were graded on a rating scale from A+ through i, A+ being more

m ad",·,ua te deco-. cession wi th i being grossly lnadequate. All of the ex­
f' .Sql"CS u(.,ed in Hi: :aukee tu.nl1elir:.~4 contr3c.t:; were E or 'V-t~orse with tile ex­
<:. 'ption of the 7 hm~.c QX,-)(HH.:rt:". e.t 16 lbs. whic.h was rOoted as C. The exposures
i,: exc,..:::,s3 of 36 Ibs. :...;ere rated G and H. It Has 01.1 these latter exposure::.;
[!.:at ;]' <:Jtic necrosis to the bone was noted in 33% of the workmen surveyed.

l' Edel also developed a longer set of decor1pression schedules labeled
l,u':o(L:~,-:: III. j'.lltodec III t!sed commercial diving data from much long~r

sched'Jles than the Autodec II version and based on this new inforr.:wtion, ~~t.

E(l.~l felt tb.;;.1t Autodec II.I would be much saft:r. HOH'3Vei", initL<L exaTr.i:·:1~i.on

of tll2 l\utodcc. II and Autud(~c III sch~dulcsl"~"-"~";'2Hted to the labl.),c::!;~t):~~' in
t~(\'.;2~':;'<:~r, 1980 sl:owed th~~t the AutCo'lcc III s('hedules- using air ft)r (;.::co:::­
pr<,:!:',sI(~n were tuo 10118 to b2 cOIT::":i.ercia.lly usable. Th0refore, e'.ren though
th~rt' \.!cre quest ions about Autode.c II table adequacy, it \'l~S decided to test
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thes(~ t,'~blC',s \n'th on2 or t~.,ro dives at: each pressure level frow 14 lfni. to .10
.tb-;. t·. :~e:2 if t1:ey p!'(ducC'd an:/ tlpp~-ec:l~!b'1'-..' 'inciclt:nc(~ (I; dpC.O~ilP'C('s~~Lon sic)'.­

1ll.~;;~;. Tb<.·. n~Il!11 ,_'r of (~:i.vc!3 schcdl:lcd ~o Lest lnu1.cs \".::.'; 1'111"P().'_;{~ly Ij;:,tti-d .il)

onlcl" to co; ;_:~rve fun:::;;. At. QClch P::'·('SS1.ll'c: level) \'";'" tc~;tp(l tllC taLll..' ',Jllle1:
providt..'d UL maxi" :-,n [FT:OUr2t of tim~ at d-eplh \.Jldc]1 \·;lJC:!l cOr:JLin;.-:d ~.·;:i.tL tll(: to­

tal dec(,"~~)r( :;sioll. tj\;,~;) fit \.:ithin an 8 hour v.,'orl,:.ing cl<l)-'. Fro;:1 £1. prac:t~ic;Jl

[;tnndpo.i.nt, thes·:' ilre the: only t.c:bles \-:h.i.ch \,.'i11 b(; tl;~,.:.:d In nor;;::1 fiL~ld

°l'er':::Ition.

Ko decompression sickness Was prodllc~d, spot che~king the table) untiJ. we
teL ted li t<J.llle at 3/t Ibs. One of our SUD_>!cts after spFndinz 4 haut"s at :..!.
Ibs. and d~::.comprcssin8 In 3 hrs. 59 minutes, suffered chokes .1ppr..~[lrillg thl"l.;.:e
hours after the end of decompression. As cho~:es are serious 0Yl~ipt02:-,;) it va.s
d;..'ci(~'..:d th;::;.~~ this ! ..ia[~ a det!lO;1:;:tration of th2 Autodc.c II taule;;..; I inadeCl'.1ae::: 2,t

P~2.Gs~tres of 34 lbs. or greater. Subsequently a second subjc:ct \lorked at 23
lbs. for 4 1/2 hour~:~ deco;-:1prE:·.ssing; in 2 hrs. and 42 minutes. Be suffered
severs p,:::in in both knees and the rigbt GllouJder; sympto):=.:,S first app2<:lring ap~

proximately 1 1/2 hours pa~.,t d(~colTIpressi0~l.. In both these insta!lc~s of d(~CQi"T­

pression S.lCtGtess, the subjects '-'Jere relieved prorr:ptly on· reC'.o!1~pt·essioIl tinct
trt~.ati.;}ent all the U.S. Navy Table 6.

A third subject ,las expos~.d to 26 Ibs. psig for 5 hours on Autode.c II and
s(iff('~rec1 d0.layed pain in his left knee. The S£lt:'2 subject a.fter spending I{ 1/2
hours at 23 Ibs. on Aut·adee II did not sllffer kne!:~ pain but his pal"lner ex­
pe:'.ienc:ed decompression sickness. These e)~p:)SUrl~S occurred in September of
l:~:l. WIlen this subjecl was given a routine x-ray and bODe scnn on June 11)
.19(j2, tl,ere. was an area of increased activity secon in the- left proxical tib~

i~. " x-ray was negative hO"Y'ever. Follo\rup on this suhje.ct carried out on
June 2;.') 1983 shOt.led that the incr,.·1Se(~ activity in the proximal left tibia
first noted on June II, 1922 was 16Eis intense tilan on tl12 l)revious stlJdy. The
re'·i")ainC!:.~r of the bone SCDJJ Y,~ar; unl·~I'l.~:-l::..ablo. Furthermore) the x-r2j' taken on
June 28) 1983 V,Tas completely negative for L'.Jne lcr;;ions.

Thus) from the f; o:i.ng it \.as clear that the Autodcc II tables "Were in-
aclC(;II,--ttr::: nnJ too sl It wa.s clear from inspection of the Aut.od2C III
ta.bJ.(>~.; that ail illipas;~·~' wa~ re.::iched at 2. pressure of 30 psig with a \'lot'kin£~

period of 3 1/2 hoors. D"c"c:pression from this exposure required 3 hours 58
minutes, longer than the Wo.' .ing time in the tunnel and ndditionally resultecl
<'.·L n··,',· ..., 7 ,/; 0·... ur ,'orl','!)··· d~" I~' 'is l'nl"oC'L.i1,le to uo"' a C~';"C"n'n 0(:\1 d 1.L. .... J..L..; C1 .1. ~ _.v .,'- .... .c> C'..]. L ~ i' ,,).>-A. '- - .>__ <;l.L.":;'..;o,. 1C .?' e u_.e
v:ltere th:::: dec.or::.?reS-~";.i.on tir:1G. is lonzcr thaI! the \,;o1:k:.i.ng tim;:: bec.ause the de­
COi:IJ)!-(::'~,':':.:.5·o;.: OT n;,"1nlo:.:k \'li J.1 h~ ti(,:.l llj) c1(:.:.co.",pressi.~:.~ the prc.vio'Js ~;hift \,;h2.n
it. is t,iD2 fvI: tl·~:~ f~l;1.0!,!ii.:g ~:;h1.ft to lock OU~. Thus, beyond 28 psig, Auto(;cC
IJI usinJ air deco I;'':':;::~';.():'.) bec(Jnr~s phy:"_:LCUJ.Jy u!H·;';..l:c1:dble as \lelJ as L<:~ing

c;c.o;:,")~::"Lt.::-:lly noL ;"~':,~·l·:' ~blt:.. From a standpoint of ec.ono::1ics) l\utodec III
\,·c.ll~l2. prob2'hly cc~as~' to ....'. pr<:1ct'ic.:11 at pressures grenler tIlan 18 psi£; if air
Wel"e breat11crl during decolnpres::ion.

Thc' l(l~:,l C".~~l cOllrll:.:..;ioD \-J~l~> th"it if cO;:tprcf:sccl ai r tunn.;:~ling if.; to he cnr­
riL'C! ell::.> t:l'" u~~ly f(,<:l~;ibJ e r.;;.~j' t.o .'1cr:o::-.;"11,·ish :i r 1" to pl'ovi.de O}:Yr~<:'i) br-l~.:ttll­

in2, f0:,' ~ht: \;_.:.. >.I__<~; dUl"illZ', (lc~_"u:d deco:;.p;'(·;S~;ju~1 in the r:1:HI.lOc.k. It \i:tS f0";'"



t1li~ 1" (:;1 SO,'1 tl1at Ul0 OXYt.',{::n vn:riailts of the !~utod(:,_. f;cl~c~l111]L·.s I-i;'-I:'.; c1(~vcJ.c;l;:~(l .•

'file advdntag~,s (If oxygen brc2th.ing arc (:rton~lOLJ~;. For' e}.-o.:71j1lc) if thl.:~ \;orl'.'.:r
\~(;J:e to \~'ork at l~/+ los. for II hOlr:s and decu:r;prc;;:,: on air) !"utoclcc III cnlJz;
fo:~ <l der:ompresf:.;10n time of 10 hours 2nd 46 minllt:(:~;. T1d ;'j of cou::,:sc is l!ll­

accL:ptnble ;'or tbc re.:lSO:1S outlined auove. HO','';2ver the sar~!'2 CXPOSUYl' rcqu:ir(.. ~
on::.)' 3 h(J~ 21 minutes deCOij:pression if oxygen is used. Fror:~ th:~ ecoL.l:r,lc
stan:;:1oi~:-. 'lis is a sligh.tly shorter decoj·,~prl>s~~ion t'hau required on the I;1~'~­

sent (iSBA hIes for /, hours \.;rork Rt 44 Ills.) and also, deC01:.ipr0.f-:~-~ion tilne' is
l;:~ss than t:iC actual r;-hift time ffinkJng j t possible to use the S<J.::le fli1.nlock £0:'::­
both inco:-:::i.r:.g auel outgoing shifts. H01;.;evcr, at the cxtrcffif;: limit of tLe
hutodec. oy.yg(~n table at 48 and 50 Ibs .. none of the. dCC.()J:ipr(~s.s:Lon schedu1.,.'s
is shc··:-:-,_:r tha,1 the exposure time even using oxygen. Thus) for prac.tic.nl L:~;e,

co,~;prt'~;{~e:d air tunneling J;~'ill have to be limited to Li maxiu:.liTI pressu.re of .ill
psig from now g.n.J From September 8th of 1982 until No'.'e4lher 30, 1982, 22
dives v.ere Bade using the A'.ltodec: III oxygen dec.onpres~;ion sched\lle~;. Th;=s~

t(-~sts J;,',:,re vonducted at 2 lb. increments from 12 Ibs. to fiG Ibs. T2.ble~; y,'ece
tested with 2 different subjects at 24 lbs. and 28 lbs. and with 3 exposures
at l~4 Ibs. No symj";:: i:D.S (.f decompres~;ion sickness wei.t: r(:rortl~d on any of
the schedules with the exception of one subject vho spent 5 hours at 34 psig~

He reported pain in his left knee on wllkJ.ng but. J.t. '>Ii'S i""-onst,,nt: and tl,is
subject had also previously had trauma to that knee~ Ar.other subject work,: :~6

at 38 Ibs~ for 4 1/2 hours c:omplaIned of skin itch and a feeling of Ivarmth
beIoI; bot1} knees start:int 60 ninutcs before decoillpr~ssion. lip also co~plaincd

of slight ankle, pain on surfacing. -···This was IlDt severe C~ '~',ugh to warrant:
tre6tceE as it did not persist aud waS classifi2u as 3 nig~le~

In each case, the tfible tested was the one 't...hich provided the ffi:1:::i.mu:::
\vorking t trne which when combined ,\{i ttl d(~COUlpressio:l tiIi'lC) produced an 8 bour
l,o.,~·~.'rking day. \<fl1ile the patient ~.;a.s (<;·~poscd at maximum pressure in c(:~ch test
dive, he walked on a treadmJ.ll at 3 mph on a three degree incline picking up n
5 lb. weight in each hand every tenth step end raising them over his head.
Time spent on the tre.admill ~as 10 minutes for each working period folloJ;.;rec.1 try
10 ninutes rest after which the cycle y;as rep,eated up-til d':"·,('o,;',.pre;:;~~ion c r

m(~nced. It was therefore concluded that the Autode.c III ox)'~en decompres: i..l

tables nrc relatively safe at pressures up to ft6 psig using exposures Li.'; ,).

to be encountered in commercial compressed air."tunnels. At least, during l~:C.

testing of these tables, a seriot~s case of decompres~~ion sicknes~.> did ne'!.:
result in any of our test subjects in the l<:,:boratory \.;biJ.e c~\rl'ying out h~ort­

ing exposures c1esi'gned to si!~lulatc (:oncl.i t.iv:·~f.; as they \.;'ould 02 in the actu;ll
tunnel. Becaust-' of t,h,;~ prohibitive e>:pens of doing bUi1dreds of dives to
develop a bends incJd-:":c.e or frequency using th(>f:e table~, \Ie ('(~nnot st.ale.
Hhat the bcndf~ inc:ide;lCc. will be when these tabJes arc used in the f1.c.1.d.
lIoue-vet', we. have be.Cc~~l c11\le to rule out cntastropbic inad(:.:qu<.-:lcy of th',~ t.n'b12s
anJ if th-2y w?-re signifj,('ant.ly worse than the OSIJA scljf,~dulcs, or C:V(-":il [IS de­
ficient at the present" OSHA schedL~lC'8, we would have: expected to sec i?~~>I~e i~:

the v:ay of deCOi'i.lp":·L~ssion sickness during their tcsting~ Also, all, o~\r ~:;\.\b­

je:cts ';.·;ere. pUI"I<J~;c~ly lj,i1iwhituated - renuc-:ring the"j much l:lnl~C s\l~-;cept:.:'~,l~ tc
d1'.C'.onp(C'.3~:;ion :·.;{.:.k:lefE~ than habitu.;'1tec1 ~hif-~ ilor':zt2r:-:. FurL1ir~r;:·:ol-t.", Io':.1u,,r-up

eX<-iJjlina.tion of [Ill of tll(;.' subjects 111v01v(::( in thcDe tesu; l.l~.:.ii.1i..~ }:--;:;\ys 2.11d
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bone 8C2TF.5 take.n 6 mC;-ltbs After tlle conclu~don of the last test) Gllo ...~'ecl il0 r:.e",,;
cha0..L~:; or pathology.

It was intended that th8 Autod~c III oxygen sclledulcs b0 used on a cc~;­

prt:>::;:,0d .:lir job in Cleve: ,~cl, Ohio. Ho',,,eve,,', OSlitlo or~;0ge:d its fe.et conc2J:-ri:i l1c;
the granting of a variance from Auguat 1982 until January 1983. By that timi~,

the job in Cleveland had been cOl1pleted and it was not possible to use the
tablQs comr:1ercially. It is of note that the contractor had to spend $40Cl,OOO
in eC0uti~g costs to control water leakage because he was una~le to raise the
pressure l'igher vlithout going to thlt; use of oxygen.

Ni tro~en h\u;hout Studies

Starting in 1972, this laboratory developed a method for meat.~uri!lg the
amount of whole body nitrogen that cou~~d be washed out of hUffir:n subjects dur­
ing or £ol.!.o~.,ring decompression froT:"l Cl dive 2 . It waS felt that this method
CO'Jld be used to provide 0 b jec tiVe evidence of the. superiority of one dec on­
pression shedule over another without having to rely on the appearance of
overt symptoms.

Naterials and Nethods

The apparatus used f:~,r the 1;~hole body ni'Croge.n l,Jashc':'it studies included a
mass spectroro::::ter, a hyperb,·!t'ic chamber and a closed c.ircuit breathing sys­
tem. The mas ...; spectrc;;leter (Scientific Research Inscruments H.S-8) was· dedi­
cated to 5 gaseD:: nitrogen, helium, o:{ygen, carbon dioxide and argon~ This
instrument bas been field Doclified to provide m2,::i3ure;~~.2nts as sr,tall as 100
parts per million (one lOCth of 1%). The mass spectrOm'2tEl" was calibrat.ed
against knol,.;n calibration gases equilab·ca:.:.ed to chamber pT.'essure immediately
before taking a sample. Ca~ibration gases were supplied by Mattheson Corpo­
ration of Joliet) Illinois and were traceable back to the National Bureau of
St.:mdards.

Hyperbaric Ch2,V:!-''2r
---the hype::-Saric chamb22.· ~';3S e,":. 8 foot by 20 foot double-lock steel chamber
capable of 90 psig. T1:,= cLarJber \';<15 equipped with cooling coi.1E~ and heating
coils to :c.ainta.in a c.y.;£ol~t<:lble t(:;,~perature during the COUr[;2 of the re­
sc;::;,:ch. All of th,;' rC82.:.;-(('1"1 apparflt!!S except th2 tn.dSS Sr):~ctroP.10ter and cali­
brat:ton gas bottles was situated insid~ the inner lock of this CI18!nber.

The brc,·'.::hinZ syste!;: (Pi.sure 1) cOlJld function in
cl..d.:-. n:..~ 0i>~:" c· :Cl..lj"'.: L,Uc1'.:. The closc~d (:.i.l.·ct!it ~;y:..;t:(~m

CO"l:,·~;-,::'...·J (,'1 ii 12('; li_t~~l' CoJ!.i.n3 ~'i-1'~ l'O!~~:~~tL':r flJ.lc;d
lit;, .~ of c::cygCG (90. 7~~ p~.~:,('). '!'llis l;12.G conr,C'ctccl .in
car;)(':'1 d1o:,1.:"..::: CibsorLe:- contQ.i.'i1i.nG B;"J,ilJlyme i\L1d a

'3i ther th··.~ closed ci ,.­
fur nitro~(~n coll~c. Oil

wi th app-,-o~:i ii~". t~.l~, 50
turn \.:i.th Cl f:!OU.::-.l ~Ct:,

supp].cm~nt3ry uxygen
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:,:rcC'. It/o tln:ec-i.Jay vaJ."S's in the f_::,n~tem permitted o~)e ..,-ing a portion of the
i"CI,d:..: fut' b-!_-(-,.::.tllin? O:.<),f;·'=:T.1 at the h_.'~_:innl.r.I~~ of th'? E:':;':~21·5.:-\,-~:1;:;_: \lhilc lCQ"ill::',

SP'\.I'Ci::et::r i;;o1..· :'~d f~(l;n the subj:.:.t. 'J'id.s na..le. p().':sible D. lung rinse.
··-t n: "':'ogen col.lC'ction ':> be,gun, thQ ;;ubje.ct". J;::,as s'tiit(:hed to closed ctrc\~:~:.:

. the s rO:tl2tcr.-. A rh",-,:;tat atto.c:hed Lo the spiron:etr.:r SUppOl·t ~{he.~':l ,:11(:

':1~lected to 2. digitJ.l diGrlay provided dat;l on the cpiroti.etcr volu1i:::~.

toccdurc

Six volont~er subjects ranging in age from 26 to 59 participated in"these
,.:peri~,>~n::;_\. They were c,' tiler scuba divers, scuba instructors, former com~

"~SSE< ai.r \mrkers or s jects who he.d p""viously volunt<·"red for hyperbaric
;:ddi::.s in this laborator~. Some were smokers and some were not srlO'kers as no
tteQpt was made to provide "perfect" spec.imeDs as the tunnel wod(ing popu­
atlon is composed of a broad spectrum of physical types and differing physi­
:il conditini.",. ChaTilb~'r: '.:emp'2:ratures \-Jere maintained so that the subjE::'..:ts
C'r~ subjective Ly cC'l.:':.:ort··· ~.2. Each subject worked on a t '·;~u.dmil1 during :'_8

::p~)sure to compressed aij", walking up a 3% grade ~~': a spel'.d of 3 mph. EVery
2nth step h-::: was ins~·_ruc\.:'._~d to raise a 5 pound we:i<;ht held in c3ch hand from

1 position at his side to above, his heo.d. The subj~~ct !,;-~lked on the treadmi.ll
cor a 10 minute period f o.l1owed by a 10 minute res ting p",,:iod. This was to
:pproximate a "moderate" work effort throughout e~posurc to compressed air in
en effo~t to simulate th", work effort of a tunnel laDorer.

1. ; ;';';;11y we compared the prcser· .. OSHA decompression schedules with a
:chc ·c developed by MI". Edel label",; Autodec II (see Graph I & II Appendix
:T1) Aut:~<~ec II was characterized by havin3 stage dec-c,mpression as or ~;ed

~ 0 cor~t.:tnllOu.'-; dccompressi.on avoiding long periods of time Spt::.nt between Oi:k or
t\o70 pounds and the surface. The shallo\Y'est stop on Autodec II was fou.r pound3.
'ihe Autodec II schedule tested was equal in le"gth to the present OSHA t,qble.
H,-,·,,~·.·:.,~, bec::ltlse of cliff iculties encountelCed wi th Autodec II (decompression
,:-:;'~!- ::;s Rnd bone SCaD activity in one Eu~ject) tb_:~':,,, tables \.Jere abandoned
;l:-d Lutodcc III was suhstituted (see Graph IiI) ~ Autou,:.'c III also \.;',:,s a stage
d0compression tabl~ using eith~r air or oxygen~ Because the air decompression
t2t\le was so long) it '.;()uld have proved to be imprac.tical in commercial use.
'fberefore, \<:Q opted to :::.5e the OXY~:l'~n version of the ,',_-,todec III scnedule.
();~'t' final nitroge.n wasr:·: :t studies WE:t"_:: done c08~aring ~ OSP..A table againt~t

AUtOG2C III ox):reen :..<::hedule. The schedule uBed .......:15 ':!I"i. expo!:;are at. 24 1b8.
4 hour;; fol1.m.;eJ by decr;;npression on either the eSEll. or the Autod0.c- III

G.'-j"i;en s:·~·:,~·d~.lle ..

p (..:.;..- ~dut'e.

Each subject "las compressed to 24 Ibs. in approximat·.:\y 3 to 4 minutes for
!, hc)!.',·::; FJd i.e the subjec.t ~;orkcd on tl1'.: tyc.adr.lill. Aft.-.: :ras the subject ~.ias

uc~cc':: ;-,.. :;;..;ccl <1CC.or (lL;,.:::. to ei.tht:r tLe Autotit::c. III or C:~ldA Ih1<:~s h'ith <1 surface
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int(~rv~~J. oE 5 r;;:Lnut':::~..;. f, this point the subject \;;<18 reC(,'~\;; ,~[<";9.d to lIt psi.;
ilnu put on oren circ',llt. l1.-:.yg.::[1 trJ ·.-~-:OGi;~~_i.:;h a 2 nlinute lung ri.nse. Then e;-{:h
sub~j;_.o{.:.t './:"8 P~lt on clo.t;t::-1 cj.J:C:.1J.'t :1ud l"l:adings were taken at 3 mL1utes) 5 ml:\­
utt:: and 8V,::'Cy 5 millutc.:s th~reafl:~::r for a total of nh1Cc'Ly minute:::..;.. During t.l>:

v:: ,;'LC,'Jt. p'h.:ise tll,.'- n:i.trozcn elicinatiou t-l2S L'1e8~.n.lr0d by 2 digi.tnl r:C1SS spCC­

tro,netr:',--" previcu.:..;ly ";scrloed. It must be noted here tho.t prelJmi.n<-c~~'Y studi~'_.,.;

cione '..:It:ll Autl'dec 11 failed to she", significant· difff.·rencc,s fro", the 05[1\
tuble. S\~jje~ts were re~ompressed to 14 J.bs. during w8shollt to di[::inish UT1Y
pass ·."')h.~ cap:.L.llary blocking effect of nitrogen bubbles And en-hance total
nitrogen H2.shout.

We ohtained whole body nitro,gen washout profiles for five SUbjActs on both
the OStU1. ond the. Autodec II schedules. Then each subject's pr(l(i.le on the
O:';,}V1. schedule aUG on. the Autodec II sch9Cl.ule was cOi:ipared. Since each subject
h}d at le~st. one profile from e· :h tab12) we used The Statistical N(ldel of Ex­
.;. ·ri.mcnts Havi.ng R<opeated Heasur<os on the Same Elerc.ents* (ANOVA). (Fig. 12-17,
Appendix XIII)

It Has evident that there \...,a5 no statistically significant difference in
the use of Aut:odec II in comparison with the OSlL\ schedule. This "as co,:­
fi.rmC"d ....:it.li a "p value" of 0.4540 oV<;;~J:-dll. In addition, \le noted that th~L:~

\.,;as 110 s tat-Is tical sign1if lcaflee beU...e211 sub jec ts a t tIle level of 0.8081.
'i'hen__~fore, TJle must aSSl.2He that the usc of Autodec II is not more efficaciQus
in ti>~: elim'L~lg.tion of 1"11 tragen t: ..:ln the curl'(~nt OSHA table. Hm..ie'le.r, it would
appe.:ll' tha: the use af Ie: .\\ttoaec III oxygen schedule is superior La the OSHA
scllerlule in denitrogenat~onwith a "p value" of 0.0850.

"';~l:n·.·.'r, B.].) Stat~.~i~:~l~ .!~~_~.~"':L;~:.:=.~---.2.!:_Experir.:entn.1. D~:.s:!.:~;n, 2nd ed.,
Ec GrD.,J-·lIill Comp2.ny, 1971, CL2.~t:er 7.
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ULTRASONIC BUBBLE DETECTIOH EXPERnf:·:NTS

Introduction

The techniql12 to detect statioIlary tissue bubbles during ~nd follouing

~ec.or:';v,ress5.on using ultra,sound tissue imaging :-Ic.;-: fi;~st c~onct:'ived bY.HCl;CKElr3
If! .1903 and later put lnto successful practlc.8 by NacL.ay and RublSSOW. j.

Th'~'se studies wel~e don.e for the. most ~t in sraall animals decompressed f:r()m
dC:i'ths ilS great as 13 atmospheres. III this project, we hoped that we could
d. ~U:1St· !,:,.; the formation of decompression bubbles before they prod.ueed SY-,~'lP­

toms ill human beings. This would give us, in theory, another method for ob­
jectively comparing the old and new tab1es for efficiency without resorting to
overt symptoms as our on:y guide.

l1ethods

After discussion, :"ith co-investigator Helton, a specialist in ultrasonics,
the ADR ultra':;vnic tissue im.ager ope:-3ting at a frequency of 5 mIlz was se­
lected. The ultrasonic scanner was connected to a strip chart recorder usi~g

a signo.l p!:"ocessor which had as its function to take the video signal as it
\.;a8 delivet"(:·d to the CRT scr!"E:~n and integrate the changes in the image ele­
ments so th,'L they could b" displaye.d a~ a sin"le line chart recording. lni'i­
.illy, it was not known whether the appear"nce of 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 increase in the strength of image el,·'-·
mpntr..; contained in scans of the tissue.s. Depe.ading on whic.h hypothesis \>i.2.S

t! ~~2., a s.:itable inte2rator had to be built. Initially, the integrator was
constn.:(·.te~~ to detect un increase in the number of image elements contained in
the scan.

Tra~spC>Ilder Place~en.t

The place~~nt of the scan head was the next problem to solve. Motion of
tl'0 subjects '.hich \n\lld displace the scan head even ,lightly during the
c. 'se of an eX:-12cimenL c0uld severely alter the readings. We did' sttldies in
v':.tro with chunk~; of rl:eat which had be.en saturated at high atmo:-:;pher-' ,--:: p,ces­
s-ul:-L~'-clncl then deco:il?rt.::,Ssed with the scan hC:3d coupled to the surface of the
meat us:;.!.... .::; a water coupling. He felt that bubbles could be det:.ect(~d in n011'­
Viill)~~- IJ_·~L. IherefeJre, W~ turned our attention to U3sessing' \'~riou~ w?tllod~

o plac.tr-,z; thE:: S=.:il1 hec:lcl on the hUllan. The Oxford z:roup (. :1ieJs et' -0.1)5
l];!d previously used the A~)R Inuchine strapl1ing the scan 11~ad t~l Ll.e antcro-
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",:'1Cdi.al t.lt:L~~~h but \,7": fOHl:.(1 r.h.!.:.: meth'~Jd too unst:0b.l{~ to f.'"2nerate "!.~(>producible

d:lt':'L \'h~ trIed ap;?lj'i.llg tb~ tr.:insr.!ul:e:.: dir:o.:ctly to tll(~ .c;l~'-rt .:1!'Hl th~~n ""'-1;' ;,-"lso

o\d.l:: 2. '\"-:..:.tt:~r-·£ill:::.'d pJ..'-',stic stai1do[~ v;:lt.l'r .:J thin rnl>he:r (lit!.p'!-':ragm clos::.",~; i.t
\,;he.[:~ it r-,:'sted on the Dkin to ~nloid pos:'""li.blQ bL..rnking out of trte e];~ctronics

by bnb})L:~;:; appesrin;.j y.·ithin the first cent.imt";tcr.

E:x.p2~~:i.ments \lel"e also carried out using a ">later b3t:h couplin2. in vlhich r-;t2

arm f,l<l;..; illlmerst:.:d but this prov<.:'d too tiring to the subject even \\~hf'n n cast
~';,33 DfJplJ,cd to keep the an~! stead'y. Bubbles in the wa.ter also proQ'J.ced a1:ti­
fact and \;t?: found that bubbles ti'lso 8ppcClre.d on the :.li:.in surface. Tbe subsc..::.­
pular fat pad F~S un~cceptJble as respiratory moveQeut produc2d artif3ct.

Fi.nOl.lly ~ ve analyzed the cases of deco8pression sickness in tunnel uork­
ers previo:.Jsly tr2ated at this facility and discovered that the V2:.;t ma.jority
suffered symptoms in the lower limbs from the knees dow~. Therefore, we made
individual bivalve.d fibprglass casts for c2ch subject in which a windolv was
cut over the gast.;::'n.::neii:':uS muscle. The prob=, with \later-filled standoff \;as
appl!.2d to the skin through this window with a mineral on cOl\pling. This
p;:-oJuc2d a ste;:dy baseline and {\las tolerable over long pe.riods to the. sub­
ject. The transducer was clamped to a steel post affix",d directly- to the cast
adjacent to the window to avoid movement. Care was taken so that the skin
COl1tact PTe.S~,'.·.re. \-138 low as 'We felt that excessive contact pressure might pre­
veI~t bubble formation in the und2rlying tissues during d~compression.

After the positioning of the tt'ansd:lcer seemed adequate, we still got
mix:2d rf::~'..lJ_t:::.; and turned our atl:ent:ion onC8 agaia to the intr-;rator. Two ne.W'
int~gy.3- d~signs were made fot true integrating bubble counters. One design
utilized integration followed by sample and hold and the other design incorpo-'
r~:::-f:'d a slOi>1J.y relaxing illte:srator. The latter d::~s.ign worked better. The
sdl~;~ile and hold devices He:·c not c3;,able of holding the integrated ir.1;:lge
ele·'· nts of values ,·rith su:fic.ie::nt stabi.lity whereas the slo\vly l·cla:;.:,ing
integra tor opcec, ~ ed wi th the requisi te stabili ty (holding time of 1 micro­
second, relaxing time of 5 seconds).

Even vlith the nc. r..., instrument \"hich should defin.i~e.ly have been ab12 . to
detect buhbl::,s, results ~;,;,'':t2 still t>lixec. and 2Li1biguous. In a criticEl.l ex­
f~f:r:i:;-j:;"~n::~ 0:'12 of .cr.;}.' l;l:··n-acory ~:t[lff memr.lers volunte8rea to be de(.:(lr~1,-)n~=3s~d

after a [011:::- hour exposu':"'2 at 16.3:'1 (51.1 ft), directly to the surface. He. \.;'2:::>
held on the sl.lrface for 13 min:.!;>:'? while careful recordinEs \-!t;::2 Tllnde to de­
tect bt:~"~~.1~ fo:"watior:. There is. no question th,:~t bubblL;~.. t"ould be L~eneratc=d

under t>-~sr::- circ,-"nstall.ces. After 13 mim.ltf'!'·;, the subjer:t was reco(:lpressetl to
18H (60 feet) and placf-:d on ozygen. He suffcT:=.ld nO overt SYf!lptoms and the
sc.fl~ty of tILLs e:,~p2r.i~fc'lt ~'I'.:1S b,ztsed on previous \;ork of one of the co-invest i­
bU to~~~;. 6
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interval) no bubble~-:

it secnecl tlwt the
were rc~orded using the
hYl'othes:i.~) te~~t<.:=.d n~g;.:-

At tk,' time, we noted tha t the original work coa rricd Ol.'t by K,c;':~y in
1963 used ,,,,Hz. l"hen ~le had origiD,lly purchas:ed the ADI( 5 mHz scanner, <Ie
were told by the company that the 7. mHz scanner head would soon become a­
vailo.b18. Hm.vever, .-:fter the equipm~~nt had b.:-.,~n delivere.d the ~,,:;mp2.ny c.an­
celled plans to mac.;t a T.5 mHz tc:nlsponder. '.cherefore, after 8 months ex­
perimentation with the 5 mHz apparatus, we chose to go to a higher frequency
of ult casound so that backscatter for small bubbles in tissues coul be in­
creased above the level of backscatter due to mechanic.al di2,contiiluitie.~..,

nonne.J.ly present in the tissues. Consequently, a 7.S mHz transd 11cer was ~or­

rov:ed from the Department of Radiolog'· at this institution along with a pulse
receiver from the Medical 'College of Wisconain to test the hypothesis at 7.5
mHz. Ultrasound could be used to detect the presence of decompression bubbles
in tissues in vitro.. Several trial experiments, in vivo) were undertaken to
test the useof 7.5 L1Hz but no bubbles could be detect8d using the new equip­
ment incl~,~ding a ne," inteerator. We then construct'ed a 4 cr!l. water- filled
s tancIoff to view the subcutaneous fat pad. Preliminary experiments indica ted
that bub~· es 'tv-ere present so \V'e decid2J to execute a third step to sC'~:ure a
new scan! r capable of operating at higher frequencies.. The Ocusc~n YE model
manufac ~ cd by Sonometrir.s Has secured on :":ontal and it was also tried. The
Oc:usc:a~~ SC::iTlner was equipped with a 15 mHz scanner head.. Hm:v-ever, after so;ae
preliulinary experi.ments seemed to indicate: subcutaneous bt.:.bbles over the
gastrocnemius, further investigat~.on shm.;ed these signals to be spurious. By
July of 1982, we had concluded that ultrasonic tissue imaging of stationary
bubbles was not possible in asymptomatic hum~n beings at. least using the
e4~ip~ijent we had. At that time, wJ had concluded that if sloall bubbles were
to be detected in muscle, th:-:~ frequent:y h:J.d to be greater than approximately
16 mHz for bubbles of approximately 5 rodet'ons diameter.. TLis calculation was
consistent with our findings to that time with decompression bubbles in vitro ..

The results of the above described experimE!nt led to the hypoLr,esis that
smDll isolated bubbles in soft tissues (mostly muscle) do not scatter ultra
Bound with rno~c intensity than does the sllrroundi.ng soft tisseT~ _ This hypoth­
esis was test.:=d .in vLtro and in vivo fo:: cardiac. and for skc~lctal t::l'.scle,by
measu::ing the avera~ie-;:-.-l;"elopeo( detected rt scatter) acco':.!nting for atte:.,­
untion of intervening madia, and norma'lzeJ to the aver2ge "L2cltscatter" fran
a lOO/~ rl::21ector (i'1iller).. Also such mcaEit.l1:ements were f:lade on isolated sffi.;:ll
bubbles (generated electrolyti cally using need le electrodes 2nd r'ulse.d power
source) and DorTi1C11ized l1S shovn. Bubble .:>:;-:e was estimated fro!TI meU'.surcd
ris:ifL~ velocity in phosphate huffered saline (this velocity was mea': ·ed ()s. a
Ch'::71;;C' in ult.rasonic. pulse eeLo ra'.~.:.;>:-~ tJ,=::r '...lnit o( elapsed time)
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The measured C1vera~~e bacKscatter' for muscle v;as~ approxir..::ttely -50 dh
(nC>l'"lj;31ized to a perfect 1:e£lcc\~oY) t::::prc.::s the t:;'2.d.::;I.~rcd <..\veragQ b8C\\.sC[i.tter
for isolated bubbles of 40-50/"Hnl (: ~ll';)et·.>r \-7':!8 approximately -60 db.. The <.:d)Q\re

mc~aSl1r\c~m2nts w(.~re Iiw.Je usl. ng 5rnIiz opera t iug frequency (numinal). Fro:n the
me.:lSUr0rilBnts the averag,2 nOl'malized hackscc~lte.:t: froul isolate::d bubbles. of 2-5
/,.m diililleter was estimated to be betCleen -70 db anJ -80 db.

These results indicated to ue that ultrasDnic detectioa of small isolated
bubbIes in vivo \Jithin soft tissues C.:1nnot be readily perceived i.n B-scail
images becC1uS"20£ the inherent ultrasor-:i.c: speckle. '1'112 basic difficulty that
this raises is that the spatial pattern depicted in a B-scan is nct congruenL
with the spatial pattern of fundamental acoustic properties of the object.
Thus bubbles could not be seen on the CRT screen bu!: they could be detected
electronically. The det~cted rf envelope takes on a Rayleigh dictributiun for
scattcrers.

f(a) ~;'z exp [-a
2;(zrJ-)] (1).

where f(a) is the amplitude density ".mction, a is the amplitu('o of interest
and :/~ is the rms value of the rf si[;;\al referred to the detector output. The
avert-.ge value for this backscatter is related tOY"':

=

(/;2
T

( 2)
When a few small bubbles are added

(3)

where the ne.w rms value,j"';j- is re~ated to the addition of bubbles with an rf
rmS valu2 ;;~b. Consequently,

2Xpf(a) ~ ~
17-Z

·T
No',,;' by assuwing we can o.easure
either exce~ds or falls below a
of t'j;~~O cumulative functions) F~

Forx<c)

the freque.ncy at which the detected signal
given value the measurements \,Jill follo'\~ Dne

(6 )

The qUi:.'stLon 3ris("~: 2t ;.,'lwt vCllut::s of x r.·:Lll tl\eSl.:~ T:le;.1~u-rl<:0nts h~\ve tile
g, 'l:':(~J:": .<-:.- .·.~~~.t~·:i:"y 'L.> chan8."=',s in (T\ 0!,' /:lore f-;pec1.[ic.ally C""-v'! This
qy' i:>'...-i,"),~, .!::": (i..:s:r,....,:::r~,~ by : dL'!llg the: dc:rivdliv(: of the cur:al1ative functions t-lith
r, ':)':~('~. :..() G b a~lJ fin'.: :i\,~ values of x for the 8:-:trema.. Consequently one
fj.llc)f; tLdt: t~·;c ccndi tiO~!3 ,,:tt'e defined: x z.pproaching zero or x approach:illg
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infiT'i t::,:. T11·' latter condition is re~ld.ily eli.:~:l.n;:< .~ 'because instY\~:':l;:;'i.1ts hu.vp
amrJ1"i:"tlde bounds which leaves the f:i.\:st condItion as the avenue for. rl~",:.;1S11ri"'­

me.nt::;. This condition C:dn be utilized to structure messuremenL:s after Eq. (5)
or E'l_ (6). Ap,~.;1 "n app"oach using Eq. (6) is re".dily elJ.min"ted to avoid
large vD.lues of meu ,'ire encountered as :-: a"pproac:hcs zero. This ~·t"ocess of
elim:ination brings v' to Due approach, Eg. (5), for measurements 0'. the pre'"
sence of small isolated bulJ))les iiI soft tissue, ~hose backscatter is imbed­
ded i. i:he backscatter from the surr0unding soft tissue.

The block diagram the instrument used for measuring the frequency of
occurre"cc as given by (5) for x very small is sho\·j,: in Figure 2. The
vidcoo t.cl<.en from the sc,."r "as amplified and fed to a comparator. Its output
\,:as hi[~. when the video e:·::r:.e8,"L,:'~d the thresho ld-s~: t; it was 10\'1 ";:l~~n the video
fell be)w the threshold--,,,,' The following clocked AND ga:·.· provides the
drive si::,nal to the inte8ratCjr \vhich p:::-o\;ide the!i.ieaSUre of the cUlnulative
probability th;·" the video, x, is bela,! threshold, J.. The s"itching PAH fil­
ter' "emoves the integrator Sampling - Reset artifacts. The threshold was set
by f;. cst measuring the average value of video (at the comparator inp~t) cause~}

by bacl~scat te ':- from the calf-muscle. Now from previous me.asUremf:"'1ts, the
ratio of backscatt~r from small bubbles to backscatter from muscle, R, can be
found using Eq. (2):

R = r.£b (db) = ~b (db) ~ -26db
"J-< 0-

Having measured r< referred to the comparaL,,," imput one can directly solve
for b referred to the cC;;lparator input.

(volts) ;
1

20/-< (volts) ,. 8).,
These vnlues VB cd some from. subject to subject even though the scanner gain
"as fixed. "fLib value ofrb W[iS used to place the threshold-set so L:,at the
output on .. :1'': strip chart re.corder followed as closely as po.'~sible tlJ8 samt~

sc··'es from experimtnt to experiment. This method of setting threshold allows
siill?lification of Eq. (5):

F (Pb) = 1 - [ 1- P- b
2

/

:'I'b
2

/ (2 Cf'/)

2
~6'"

Also recall Eq. (3):

2
O"'T

2 2
= rr+ Np (10)

1,;':1ere r~ is the nlim~er of iU2l1tica.l small bubbles 8" , p2 is the aver:1ge r:,:
in:c;;sity sca-ttered by Q'i.1 f= ~;, ... ,,:h bubble. This su'ost-it,;cion £olJ.o;;s n':iyleigli f s
oriL:i.n.::::l f(.)fi:1111ution whIch i,s dO~1e heri::' to illustrate t:hc~ '-:-·2"'1.SL;·e~~lent pI:0-

""r.'i.'tion. 'LlH.lS:
• 2

F ( )" ~o
1\ 2{)"2

(l -
N

2
-"'-)
(/2

(11)
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simpli 1: lea. tiGn
?

.....:..<- b'"
2u2 (i":" (12)

2
(2 d' ) (13)

Changes from this bas2.line are proport"lonc.l to the nuc..beJ: and the scatterL1g
strengtl1 of tIle bubbles:

1
(r 2 (14)

BaS2d on this structure for l!!eaS~l=-emellts the net fo:cr·~ti.on of isolated small
bubbles during decompression is monotonic up to the time when resorption e!~­

sue~; 2.5 dOr:J.inant. Couse.ql.lently the instrument t s output should follow sui t; in
this \:tay movement arr:ifac::s can be more readily identif:ied and bubble for:.::.a­
tion between the skL:--transducer interface can be easily Giagnosed.

By September of 1982 it became clear that we had previously set our
thre:,\~old for detection of bubbles o£,~the order of 20 to 30 ti:'lBS too high and
that the ;i:::'lt'.;:grHto~: h.:~d to be furthe.r modified.. Thus, \J.ith the threshoJd
set quite lou) aJthough it was feared it mieht be too sensitive) 4 possible
btiE:p1.ine settings were contemplated. The.se correspond to the region of
backscatter applitudes ~h2~e bubble'scattering is located.

In October of 1982, ~Je set the baseline for the most S(;:~.;:ltive setting
and on October 29th, the first test \.;:'[1.5 t::~lde. S:~nce cn the fir~_~t test \ole h2d
not had time to establish a formnl baseline, We presum~d tllnt the drift ~2 S2~

(in the direc tio" of tubble formation) was simply baseline dri.£t. Later,
after a second exper-iment ~"as carried out with a steady baseline present 1;..:

was d-tscQvered that tb;:; deviatiG~. of the chart rf::c.order- print was indeed due
tv bubbles~

Seven human subjects were exposed to pressures from the equivalent of 11
meters to 50 meters of sed .......~ater for periods which ranged from 20 i7linutes to
5.5 hOL~rs. TwelVE: t:::..:perlm~n!;:..ll trials \\'ere made from which s8l:isfactory r ,­
con~ir.:' could be oaLcined. \hth the ultrasonic tr'lnsducer ("ithout t '"
\J<1!>:-,r-:"i.lled st2.r:.d o,ff) (:f£i~:2d to the right calf of each subject, \-lith noV':;"

me;·~t f2irJimi.zed hy the full ler!gth plastic leg ca'~:t, a baselil~e Has usual1)'
esr,;b:,ished on the recording griq>!! for 15 to 30 minutes before decontpressioll

It is cc~lcLlJatu1 tliat the instn\;jl::~nt is ahle to detect bt1b~Jles of t 1•

cre,r:;._: s.:.'!~~ or lJr(;.,;-'" or c.lustl'r.~; of b~l;)bles. The t":,SSUQ slice. inti'I''t"ll.c.G.t.,·.,

,;;,-.["1;:::', /' em it"! (~t··,t:: by 5 ClI! In leI:C;Ll: b:.' .2 lilL'"~ in '..Jldth.



Result.s

Appended are -represent2tivQ f'-T<J.phs showing bubLle £orwRtion during clecC::,l­
pression and the suppression of bubbles v'i th recompress:i.on. (Figl.l:res 6-10,
Appendix XIII) Bubbles 1-/0re unif''''c,ly recorded on deconpressionc fro'" all
pcessures teste.d 'When the. c};:pn? ;~e time had been greater t1k:.n one hour.
Bubhles could not 1.. dete{'~: in short halftime tis~ues after s110rtel~

exposure.,:; even fol1owi'ng dives tv 50 meters.

He nOI" feel that wz; can demonstrate bubblc,s appearing immediately as cle-
. compression commences and continue to grow and that these bubbles are dimin­
ished on recompression. 'He also ran stud,~.':"3 on 2 occasions shifting the pa.­
tient: to· helium isovarically 8t depchs of 21j.2<1 (80 ft.) and 5Q.l (165 ft.).
On neither occz;,;Ion did we dec.teet bubbles following the isobaric shift to
helium from air. However, as 'V...e decompressed from these pressures, bubbles
appc·"red. (Figure 11, Appendix XIII)

In summary, "e feel we have devGlope.d a method for detecting stationary
bubbles in asymptoiil.:.ttic hUDl2ns. The present drawbacks or ·!Lmitations are sev­
eral: 1. transducer movcrr:·-nt must be absolutely avoided or- the results cann(,t
be ref'~oduced. 2. any mov,;" .•ent of the subject dUl~ing the course of t11.~ s('.<ln­
ning ~lay restllt in'the stIrlden dislodging or disappearance of bubbles as det~c­

ted by the .,canner. 3. at the present state of develop:nent vie <::a,·,·,ot qU9.nti­
tate or discern the severity of bubble formation or rel~te the rate of increase
in bubbles to the severity of the decompression.

Furche;:- l-lork will have to be carried out to refine this technique ene.bUng
us to use it for moni torin2 of decompl:ossion under practical conci <,tions or make
it useful in the development of decompression tables.

Discussion & Conclusions

In our research to develop a set deco:npression schedule v,hich would be
se-pe.fior in rCffi0ving ni trogen from the body) we. ce? '. ried ant 182 actual com­
pre3sion/ decocpres:>ions.

The ~~sults of the nitrogen ~ashout studIes from 36 dives bnsed on sta­
tisti. r.:al aDalys is) shc>w an insignific.ant differ011Ce between using OSHA and
Autoctec II ai t' deco7tprC'ssion schedules (p ::: o. Lt 51.D) in dc.:nitrogena tion.
Therefore, tr:·, L:.:'~~: of !~'.;.~:':'lJdec II air tabL-,~; in place C'· the OSHA sch;~Jtlle fOr"

caisson workers would be of little benefit viewed ~olcly from objective
eVidence. lL)'.l2v·.)r, our results on the Autodec III (o-;':y~~t":n) sc:hc(iule cOl:J.rJ.r..:~d

to tilt'.:' C-,SiI/\ L:1>:.."C'();;':.lI"c:;,:ion schedule did show a stat:i.~3ti.c.al dlif~.>rencc (p
O.C:3:JO). It is OlU:- conviction that prC'.sently th~ Autodec. III o:.-:yge'..J t3ble
rcp.l·csellts the b~sl ilvailable repl.a.cv1r.ent for the current OSH.A tables.
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Atlto(L~c III (OXygt2:1) co,~,:)ine~; th:.-: U~'..i2

J;~'e b.'2J.ic."2 have syn:~·l"gi:.;tlc cffl~L.U; in
decompressi.on.

of 02 <lnd st~igf~ dcc.:.o:nprr::;:;j0D, \!Lfc:1t
:i..llCr.~~'_~,..!.n:~ :Ll,t:rogen eli :l:-:C:ton dtl."i--iL,i;

Ini.tto.l relur:LCinct.: to j;,,:[) "LC<i. ~';'L the nQH /,qtod~".c III - 02 sch~"';'...lle TI~2Y

be encountered for 8. nG:~,oer of r.:::aSOi!:'. It v-Lll b.::: slig}!t.1y l::ljl:e c:~~)ensive

for construction comp:J.:11.cs to proviue the addit.i.onA.l 02 and safety nevj.c:es
to ir:.slJt'e against fi:C8 hazard. In addJtion, th/:: ch2nge in a decompression
protocol, like any ne~... protocol,. T!lay cause some inilial resist0~l.Ce in the
training of the tunneling or cnis:;on crews. Howev2r) the adv'1n·tagc: of reducinr;
the unacceptably high ~ncidence of osteonecrosis far olltweiglls such considera­
tions.

It is interesting to note that since 1907, our knowledge of diving physiology
and decomp.-e:->sion procedu.res has lagged, in tbc compressed air industry, 20
years ~ more behInd the commercial dIvIng world. PhysiologIcally based
decompression started in naval diving in 1907 "Ylas not eVen attempted in caisson
and tunnel work until 1963.

With n
40 yea:.
severe)

.rd to oxygen decompression, it has been used in
, but its used in caissons (where decompressio!lS
has not even considered until the present time.

naval diving for over
tend to be even more

Traditinn and igno.ance have often lain behind failure to adopt more
sophisticated technology - even when pain and suffering could be eliminated or
deere ,"'ed. There is '" parallel in the diving industry. In 1939, oxyg0n
tr't.: ·"~·.lent of decompression sickness T,/las rej2cted by the U.S. Navy for geneL~l

US2, rlespi te excel1t:nt e;q:erir::ental results, because of "the fire danser" ­
"oxygen toxicity" and the possibility of its bein~ used by inAdeql1ately trai.ned
personnel. In 1967, oxygen therapy of bC'"ds bee,c.,.,,, the Navy Standard (,·lith a
13 ti;ues higher sueces rate) using the Sam" oxygen, the same patients, the
sawe chawbers and the same personnel.

A~.Jcopriate instructions and proc,~·.:::~~:es for tunnel workers using oxygen decolll­
pressIon are appended to this report. These have been reviewed Rnd approved
in their final form by operatir:g tunnel co".:·~~~"t"actors - after consultation with
OSHA field inspectors.

The Ecel-Kindwall C3lsson Tables using o:<y(';"11 [Autodec III (02)J repr c;'

sent r 1';(; o1":ly decompr(~:-5i',jn tablc~s for cQr."!.pressed Bir \Jor!:..crs that have b2e;!
teste~ in the laboratory b~fore being released for use in the fi~lJ.
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APPENDIX I

EDEL-KINWALL CAISSON Tl\.BLE (OXYGEN)
(AUTODEC III)

DEPTH T ]">~;~ ASCENT ( D E C 0 H P R E S S I 0 N S T 0 P S ) TOTAL
TIM,

to 1st
psi hrs. stop 40 36 32 28 2i, 20 16 12 8 4 hrs.
min~

12 7.5 3 0 3
12 8.0 2 5/ 5 0 13

14 4.5 4 0 4
14 5.0 3 5/ 5 0 14
14 5.5 3 5/10 0 19

· 14 6.0 3 5/10 0 19
14· 6.5 3 5/15 0 24
14 7.0 3 5/20 0 29
g 7.5 3 5/25 0 3f;.

14 8.0 3 5/30 O' 39

16 3.0 I, 0 4
· J. 6 3.5 3 5/ 0 0 9

16 4.0 3 5/10 0 19
16 4.5 3 5/15 0 0'.

-~

.16 5.0 3 5/20 0 29
16 5.5 3 5/30 0 39
16 6.0 3 5/30 0 39
16 6.5 3 5/30 0 39
16 7.0 2 5/ 0 0/30 0 39
16 7.5 2 . 5/ 0 0/40 0 49
16 8.0 2 5/ 0 0/ I:) 0 49

18 2.5 5 0 5
F '} ,~, 4 5/10 0 20.U J.U

J. J.:> i, 5/15 0 25
13 4.0 4 5/25 [) 35
13 4.5 4 5/30 0 40
18 5.0 4 5/35 0 45

'F- 5. '. 3 5/ [) 0/40 0 50
18 (. • Co 3 5/ 0 0/ !,O [) 50
1B t,· • 'j 3 5/ 0 0/45 0 SS
1> 7. " 3 5/ 0 0/45 () 55· ..
J " 7.5 3 5/ 0 0/50 1 0
Ji, 8,u 3 5/ 0 0/60 1 10



APPENDIX I

EDEL-KINDHALL CAISSON TABLE (OXYGECi)
(AUTODEC nI)

j'~l TIUE ASCENT ( D E C o M P R E S S I 0 N c T 0 P S ) '. .')TAL TT.:·U:~

to 1st
hrs. 1,0 36 32 28 24 20 16

,
12 8 L, hrs.stop i I nin4

2.0 5 0 5
2.5 4 5/10 'J 20
3.0 3 5/ 0 0/;'5 0 25
3.5 3 Sf 0 0/25 0 35
4.0 3 5/ 0 (:/30 0 40
4.5 3 5/ o· 0/40 0 50
5.0 3 5/ 0 0/4':0 0 5';
5.5 3 ;,/ 0 0/50 1 0
6.0 3 5/ 0 0/50 1 0
6.5 3 15/ 0 0/60 1 20
7.0 2 5/ 0 0/15 5/50 1 20

: 7. :l 2 5/ 0 0/1; 0/60 1 :25
J 8.0 2 5/ 0 0/20 0/6[> 1 30

2 1,5 6 0 6
~2 2.0 5 15/ 0 0 " .
~2 2.5 4 5/ 0 0/15 0 26
22 3.0 4 5/ 0 0/25 0 36
.! 2 3.5 I, 5/ 0 0/35 0 46
12 4.0 4 5/ 0 0/45 0 56
22 4.5 4 10/ 0 0/50 1 6
") 5.0 4 15/ 0 0/50 1 11
') -, 5.5 3 5/ 0 0/15 5/50 1 21
2/ 6.0 3 5/ 0 0/20 5/50 1 26
.) ) 6.5 0 5/ 0 0/25 5/60 1 41J
,)) 7.0 3 r .. 0 0/25 5/ (,0 1 41~:

2~ 7.5 3 5/ 0 0/30 5/·1 1 1,6
22 8.0 3 5/ 0 0/30 S/lu 1 56
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EDEL-KILWHALr~ C!\ISSON TABLE (OXYC£~:)

(AUTODEC Ill)

:)EPTH TL~G ASCENT ( D E C o H l' lZ E S S I 0 N S T 0 P s ) TOTAL TIl'IS
to 1st

) S j hrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. min.

:4 1.0 6 0 6
'J I 1.5 5 10/ 0 0 16.'>,, 2.0 4 5/ 0 0/10 0 21
-~

:. L. 2.5 I, 5/ 0 0/20 0 31
-: ..~ 3.0 4 5/ 0 0/35 0 1+6

'.4 3.5 4 10/ 0 0/45 1 1
" 4.0 3 5/ 0 0/10 0/50 1 11'0

: !t 4.5 3 5/ 0 0/15 0/50 1 16
'4 5.0 3 5/ 0 0/20 5/50 1 26
~ c', 5.5 3 5/ 0 0/25 5/60 1 41

6.0 3 5/ 0 0/30 60 1 46
6.5 3 5/ 0 0/35 j/ (lO 1 5:'.
7.0 3 5/ 0 0/40 5/60 1 56

'. 7.5 2 5/ a 0/ 5 0/35 10/70 2 11
8.0 2 5/ 0 0/ 5 0/60 5/60 " 21,.

0- 0.5 7 0 7
'J 1.0 6 5/ 0 0 12
~) 1.5 5 5/ 0 0/ 5 0 l!

2.0 5 5/ 0 0/20 a 32
2.5 5 5/ 0 0/30 0 42

) 3.0 4 5/ 0 0/10 0/40 1 2

" 3.5 4 5/ a 0/15 5/45 1 17
4.0 4 5/ 0 0/20 5/50 1 :: ."

4.5 4 5/ 0 0/25 5/50 1 " ?.,-
5.0 4 5/ 0 0/35 5/50 ] 1,2
5.5 {~ 5/ 0 0/40 5/60 1 57
6.0 3 .sf 0 0/ 5 0/40 5/60 2 2
6.5 3 5/ 0 0/10 0/40 5/70 2 17
7.0 ~ 5/ 0 0/10 0/ 1,5 5/70 2 22
7.5 0 5/ 0 0/15 5/60 5/60 2 37J

8.0 3 5/ 0 0/20 5( (,(J 5/70 2 52
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AP,:DIX I

EDEL-KINil"ALL CAISSO::-i Tr;LE (OXYGEK)
(I,UTODEC Ill)

DEPTH TIUE ASCE:lT ( D E C 0 N PRE S S I 0 N S T 0 P S ) TO'.c:cL IT-1E

to Is .,
psi hrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. r:li

28 0.5 7 0 7
_ 28 1.0 6 10/ 0 0 17

28 1.5 5 5/ . O/IO 0 221.)

. 28 2.0 5 5/ 0 0/30 0 42
28 2.5 4 5( 0 0(10 0/30 0 52
28 3.0 4 c • 0 0/15 0/45 1 12~';

28 3.5 4 5/ 0 0/20 5/50 1 27
28 4.0 4 5/ 0 0/30 5/50. 1 37

·.28 4.5 4 10/ 0 0/ t,O 5/50 ., 52
28 5.0 3 5/ 0 0/10 0/ I, , 5/50 1 57
28 5.5 3 5/ a 0/10 D/'.. 5/60 2 12
28 6.0 3 5/ 0 0/15 5/40 5/70 2 27
28 6.5 3 ">/ 0 0/20 5/40 5/70 2 32

. 28 7.0 3 - / a 0/25 5/60 5/60 2 47)/

28 7.5 2 5/ 0 0/ 5 0/20 5/.0 5/70 2 57
28 8.0 2 5/ 0 0/ 5 5/50 5/60 5/60 3 27.

30 0.5 8 0 8
-30 1.0 6 5/ 0 0/ 5 0 13
30 1.5 6 5/ 0 0/15 0 28
30 2.0 5 5/ 0 0/ 5 ono 0 1.8
30 2.5 5 5/ 0 0/15 Oll~U 1 8
30 3,0 5 5/ a ali' 5/tiS 1 23

'30 3.5 5 10/ 0 0/30 5/45 1 38
30 4.0 4 5/ 0 0/10 0/30 5/50 1 48
3" 4.5 4 5/ 0 0/15 5/40 5/50 2 8
30 5.0 4 5/ 0 0/15 5/40- 5/60 2 18
30 5.1 4 5/ 0 0/20 5/1,0 5/70 2 33

- 30 ,
Cl 4 5/ 0 0/25 5/40 10/70 2 43

30 ) 4 ' I 0 0/30 5/60 5/60 2 53, ,
, ~)~) ~, • i) 3 5/ 0 0/ 5 0/30 5/60 5/70 3 8
30 7.5 3 5/ 0 0/ 5 0/50 5/ (,0 5/60 3 18
30 8.0 3 5/ 0 0/ 5 0/';0 5/60 10/'10 3 33
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APPENDIX I

EDEL-KIND,,'ALL CAISSON TABLE (OXYGEN)
(AUTODEC III)

DEPTH TINE ASCENT ( D E C 0 H PRE " S I 0 N S TO P S ) TOTAL TI..;-lE
"

to 1st
psi hrs. stop 40 36 r, ) 28 24 20 - " 12 8 I, L's. m:, ;.:.

32 0.5 8 a 8
32 La 6 5/ a 0/ 5 0 18
00 1.5 5 5/ 0 0/ 5 0/15 0 33J

3 2.0 " 5/ 0 0/10 0/25 a 48~

32 2,5 5 5/ 0 0/20 0/40 1 13
. 32 3,0 4 5/ 0 0/ 5 0/25 5/45 1 33

""I 3,5 4 5/ 0 0/10 0/30 5/45 1 43J_

32 4,0 4 5/ 0 0/15 5/35 5/50 2 3
, 32 4,5 4 5/ 0 0/20 5/40 5/60 2 23

32 5,0 4 5/ 0 0/25 5/40 5/60 2 28
, 32 5.5 3 5/ a 0/ 5 0/25 5/40 5/70 2 43

32 6,0 3 5/ 0 0/ 5 Oi' jO 5/60 5/60 2 58
32 6.5 3 5/ a 0/10 0/50 5/60 5/60 3 23
. , 7.0 3 5/ a " "10 0/50 5/60 5/70 3 33
3 7,5 2 5 0/ 5 0/40 5/50 5/60 5/60 4 3

'3 8.0 2 0/ 5 0/40 5/50 5/60 5/70 4 13

34 0.5 9 0 9
34 1.0 7 5/ 0 0/10 0 24
34 1.5 6 5/ (1 0/ 5 au;; 0 39
34 2.0 6 5/ 0 0/15 0/35 1 4
34 2.5 5 5/ 0 0/ 5 0/20 5/40 1 24
34 3,0 5 5/ 0 0/10 C,i 30 5/45 1 44

. 34 3.5 5 5/ a 0/15 ~)/:iS 5/50 2 4
}!r 1,.0 5 5/ a 0/20 5/ 1,0 5/50 2 II"
3~ 4.5 5 5/ a 0/25 5/40 5/60 2 29

,34 5.0 4 5.' 0 0/10 0/25 5/40 5/70 2 49
34 .s.s 4 5/ 0 0/10 0/35 5/1,0 10/70 3 4
0' 6.0 4 5/ 0 0/15 5/30 5/ '00 5/70 " 24-) .~ J

3.'; 6.5 4 5/ a 0/20 5/50 5/60 5/70 3 49
"J4 7.0 3 5 0/ 5 0/40 5/50 5/60 5/'') 4 4

34 7.5 3 5 0/35 5/ 1,0 5/50 5/60 5 4 39
]!, SJi 3 5 0/35 5/ -',(J 5/50 5/60 5 . I, 49, .
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APPENDIX '-

EDEL-KlmX:.\LL CA IS;:;U:'! T!d3LE (OXYGEN)
(AUTODl::C Ill)

DEPTH TI.::·U::: I~SCENT ( ]) E C 0 H P R E S S ION S TOP S ) TO'L\L TIll;
to 1st

. p •. hrs. stop 40 36 32 "l() 24 20 16 12 8 4 hrs. L:!inL. '..'

36 0.5 9 0 9
.36 1.0 6 5/ 0 0/ 5 0/ 5 0 2/i

36 1.5 6 5/ 0 0/10 0/25 a 1,9
36 2.0 5 5/ 0 0/ 5 0115 0/35 1 9
36 2.5 5 5/ 0 0/10 0/20 5/ 1,5 1 34

., 36 ?O 5 5/ 0 0/15 5/25 5/50 1 54
... 36 3.5 5 10/ 0 0/20 5/1,0 5/50 c 19

36 L~. 0 I, 5/ 0 0/10 O/ZO 5/40 5/60 2 34
.. 36 L~. 5 i, 5/ 0 0/10 0/25 5/40 5/65 2 44

36 5.0 4 5/ a 0/15 5/30 5/40 5/70 3 I,

36 5.5 L, 5/ a 0/20 5/30 5/60 5/70 3 29
36 6.0 3 5 0/ 5 a/IS 5/50 5/60 5/70 3 49
36 6.5 3 5 0/ 5 5/1,0 5/50 5/60 5/70 4 19

. 36 7.0 3 5 0/35 5/40 5/50 5/60 5/70 I, 49
36 7.5 3 5 0/35 5/ 1,0 5/50 5/60 10/70 I, 54

• 36 8.0 2 5 5 0/35 5/1,0 10/50 10/60 40/70 5 39

38 0.5 9 10/ a a 20
- 38 } .0 7 5/ 0 0/ 5 0/10 0 30

38 1.5 6 5/ a 0/ 5 0/10 0/20 0 50
38 2.0 6 5/ 0 0/10 0/15 0/ 1,0 1 20
38 2 . .5 6 5/ 0 a/IS 5/25 5/40 1 45
38 3.0 5 5/ 0 0/ 5 0/15 5/30 5/50 2 5

'38 3.5 5 5/ 0 0(10 0/20 0/35 5/50 2 J~)

38 L~. 0 5 " I 0 0/15 0/20 5/40 5/70 2 50':>/

38 I,. 5 5 5/ 0 0/20 0/30 5/1,0 5/70 .3 5
.38 5.G 5 5/ a 0/20 5/35 5/60 5/60 3 25

38 5.5 I, 5 o( 5 0/20 5/50 5(60 5/60 3 Lf .S

30 6.0 I, 5 0/ 5 5/40 5/50 5/60 5/60 I, 10
38 6 c 4 5 0/35 5/40 5(50 5/60 517C1 4 50.~
35 7.0 3 5 5 0/35 5/40 5/50 5/60 5/70 4 55
38 7.5 ., 5 10 0/35 5!!~,O 10/50 10/60 50/70 5 55J

3;) L.Ci 3 5 15 0/35 5/!; 0 15/50 15/60 80/70 (; 40
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APPE1'iDIX I

EDEL-KINDHALL CAISSON TlJ)LL (OXYGEt;)
(AUTOD~(; III)

DEPTH TIt,IE ASCENT ( DEC 0 :; PRE S S ION S .T 0 P S ) TOTAL II
to 1st

, psi hrs. stop 40 36 32 28 24 20 16 12 S 4 hrs. ui

.. 36 0.5 9 0 9
36 1.0 6 5/ 0 O( 5 O( 5 0 2[~

36 1.5 6 5/ 0 0(10 0(25 0 49
.. 36 2.0 5 'j/ 0 0/ 5 0(15 0/35 1 9

'16 2.5 5 5( 0 0(10 0(20 5/45 1 34
.- . ') 3.0 5 5( a 0(15 5(25 5/50 1 54

"',G 3. ) 5 10/ a 0110 5/40 5/50 2 19
36 4.0 4 5/ a 0/10 0/20 5/40 5/60 2 34

_ 36 4.5 4 5/ O· 0/1;) 0/25 5/1,0 5/65 2 4!!

36 5.0 4 5/ 0 0/ __;.. 5 5/30 5/40 5/70 0 4
., 36 5.5 4 5/ 0 0/ 'j 5/30 5/60 5/70 3 29

36 6.0 3 5 0/ 5 0/ 5/50 5/60 5/70 3 49
-. 36 6.5 3 5 0/ 5 5; ,..J' 5/.j() 5/60 5/70 4 19
.. '" 36 7.U 3 5 0/35 5/' " 5/50 5/60 5/70 i, 49"t 11

36 7 . 3 5 0/35 5/40 5/50 5/60 10/70 4 5,',
-}6 8.0 2 5 5 0/35 5/40 10(50 10(60 40/70 5 39

38 0.5 9 10/ a 0 20
. -" .J 8 1.0 7 5/ 0 0/ 5 0/10 0 30

38 1.5 6 5/ c! 0/ < 0/10 0/20 0 50
') '.) 2.0 6 c I 0 0/10 0/15 0(40 1 20~, ~,

3 2.5 6 5/ 0 0/15 5/25 5/40 1 45
3,,; 3.0 5 5/ 0 0/ 5 0/15 5130 5/50 2 5

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

. 38 4.5 5 5/ a 0/20 0/30 5/40 5(10 3 5
33 5.0 5 5/ 0 0/20 5/35 5(60 5160 3 25
30 5.,5 4 5 0/ 5 0/20 5/50 5(60 5/60 3 4',

·38 6.0 4 5 0/ 5 5(1,0 5/50 5(60 5/60 4 10
38 6.5 4 5 0/35 5/40 5/50 5/60 5/70 I, so

.... 38 7.0 3 5 5 0/35 5/40 5/50 5/60 5/70 I, 55
38 7.5 3 5 10 0/35 5/40 10/50 10/ (,0 50/10 5 55
38 8.0 0 5 15 0/3.' 5/ 1.0 IS/50 15/60 80/70 6 !.o~
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API'::NDIX I

EDE1,-KI~Jm·;!~LL CAI::;SO~~ TABLE \OXY~.;EN)

(AUTODEC TIl)

:a:LH TINE ASCENT ( DEC 0 11 PRE S S ION S T o P S ) TOTAL Tl.>lE
to 1st

\s i hrs. stop 1,0 36 32 28 24 20 16 12 8 4 hrs. r:in

,0 0.5 8 5/ 0 0/ 5 0 20
,0 1.0 7 5/ a 0/ 5 0/15 0 35
,.'j 1.5 6 5/ 0 0/ 5 0/10 0/30 1 a
,0 2.0 6 5/ 0 0/10 0/20 5/40 1 30
',0 2,5 5 5/ a 0/ 5 0/15 5/25 5/40 1 50
',0 3,0 5 5/ 0 0/10 0/15 5/35 5/50 2 15
:;0 3,5 5 5/ 0 0/15 5/20 5/35 5/60 2 1,0
·~o 4.0 5 5/ 0 0/20 5/25 5/40 5/70 3 5
';<) 4,5 4 5 0/ 5 0/2.0 5/30 5/1,0 5/70 3 15

5.0 4 5 0/10 0/20 5/30 5/60 10/70 3 45
5.5 4 5 0/10 0/25 5/50 5/60 5/70 4 5
6.0 3 5 5 0/10 0/40 5/50 5/60 5/70 4 25
6.5 3 5 10 0/35 5/40 5/50 5/60 20/70 5 15
7,0 3 5 ' 1 ' 0/35 5(40 la/50 10/60 60/70 6 10~J

7.5 3 5 20 0/35 5(40 IS/50 15/60 90/70 6 55
,'.. I S.O 2 5 5 30 0/35 5/40 20/50 20/60 150/70 8 20

2 0.5 9 5( a 0/ 5 0 21
" 1.0 7 5/ 0 0/ 5 0/ 5 0/15 0 41.;.:.,

1.5 6 5/ a O( 5 0/ 5 0/10 0/30 1 6
, 2.0 6 5/ 0 0/ 5 0/10 0/25 5/40 1 41"

2.5 6 5/ 0 0/10 0/15 5(25 5/50 2 6
) 3.0 6 5/ a 0/15 5/20 5/30 5(50 2 26-

, , 3. '; 6 10( a 0/15 5/30 5( L,O 5(60 3 1-
4. Cr 5 5 0/ 5 0/20 5/30 5/40 5/70 3 16
4 . .5 5 5 0/10 0/20 5/30 5/L,5 30/70 3 51
5.0 c, 5 0/15 5/20 5/35 5(60 20(70 4 J.l
~) . 5 4 5 5 0/15 5/25 5/50 5/60 10/70 I, 26
6.0 !., 5 5 0/35 5/1,0 5/50 5/60 5/70 4 56, 6 ': 4 5 10 0/3') 5/40 10/50 10/60 60/70 6 6
7.(1 3 5 5 IS 0/35 5/40 15/50 15/60 1.00/70 7 b
7.5 3 5 5 20 0/35 5/ 1,0 20/50 20/60 150/70 8 11
f:.:. n 3 5 5 30 0/35 5/40 30/50 30/60 20u/70 9 31

: .,:'



APPENDIX I

EDEL-KIND\oIALL CAISSON TABLE (OXYGEN)
(;\UTODEC Ill)

',; TPIE ASCENT ( DECG~lPRE S S ION S T a p s ) TOTAL TINE
to 1st

hrs. stop 40 36 32 28 21. 20 16 12 8 4 hrs. min.

O.. S 8 5/ a 0/ 5 0/ 5 0 26
1. (: 7 5/ 0 0/ 5 0/ 5 0/15 0 41
1.:'> 6 5/ 0 0/ 5 0/ 5 5/15 5/30 1 21
2.0 6 5/ 0 0/ 5 0/15 5/20 5/40. 1 46
2.5 6 5/ 0 0/ 5 0/1(1 0/20 5/30 1 26
3.0 5 5 0/ 5 0/15 5/20 5/35 5/50 2 36
3.5 5 5 0/10 OIlS 5/25 5/1,0 5/60 3 1
4.0 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 4 31
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 la/50 10/60 60/70 6 21
6.5 3 5 10 J.5 O/~5 5/1,0 i5!:.>i) 15/60 100/70 7 11
7.0 5 10 20 0/35 5/40 20/50 20/,,' 150/70 8 16
7.5 3 5 10 30 0/35 5/40 30/50 . 30/60 200/70 9 36
8.0 2 5 10 IS 30 45/35 45/40 45/50 1,5/60 720/ a 19 16

0.5 9 5/ 0 0/ s 0/ 5 0 27
1.0 8 5/ 0 0/ 5 0/10 0/15 0 47
1.5 7 5/ a 0/ 5 0/ 5 0/20 5/30 1 22
2.0 6 5 0/ 5 0/ 5 0/15 5/20 5/45 1 57
2.5 6 5 0/ 5 (;/1.0 0/20 5/30 5/50 2 22
3. I) 6 5 0/10 0/ I; 5/20 5/40 5/60 2 57
3.5 6 5 0/10 0/: 5/25 5/ 1,0 5/10 3 17
1,.0 5 5 10 0/15 5/20 5/30 5/60 5/70 I, 2
4.5 5 5 10 . 0/20 5/20 5/50 5/60 5/70 4 27
5.0 5 5 15 0/35 5/ :,0 5/50 5/60 5/70 5 7
5.5 4 5 10 20 0/35 5/40 10/50 10/60 50/70 6 17
6.0 4 5 10 30 0/35 5/40 15/50 15/60 90/70 7 17
6.5 4 5 10 30 0/35 5/ /~O 20/50 20/ ('(J 150/70 b 27
7.0 3 5 JO 15 !Jj 0/35 5/ '+0 30/50 30/00 200/70 .10 2
7.5 J 5 10 15 I, ,) 45/35 45fi;0 45/50 1,5/60 120/ 0 19 27
i;. a 3 5 1 " 15 50 60/3~ 60/40 60/50 60/60 720/ 0 :'0 37.'C
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APPENDIX I

EDEL-; J\L\LL CAISSON TAJ>LE (OXYGEN)
(AUTODEC II I)

TH~S ,\SCE~';T ( D E C 0 H P R E S S I 0 '" S T 0 P S ) TAL TIHE"
to 1st

hr'S • 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 3!
1.0 7 5/ 0 0/ 5 0/ 5 0/15 0/20 1 2
1.5 6 5 0/ '1 0/ 5 0/ 5 5/20 5/35 1 37
2.0 6 5 C' ' 5 0/ :> 0/15 5/25 5/50 2 7
2.5 6 5 0; 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 12
3.5 5 5 10 0/15 5/15 5/30 5/[,0 5/70 3 37
['.0 5 5 15 0/15 5/25 5/30 5/ b'.} 5/70 4 12
[t • 5 I; 5 5 15 0/20 5/40 5/50 5/60 5/60 4 1+7
5.0 /, 5 5 30 0/35 5/40 10/5Q 10/(0 10/70 5 42
5.5 i, .5 10 30 0/35 5/40 15/50 15/60 90/70 7 17
6.0 3 5 5 ,10 40 0/35 5/40 20/50 20/60 12 ~;,' .! j 8 17
6.5 3 5 5 10 60 0/35 5/40 30/ .~o 30/60 180/70 9 52
7.0 3 5 10 15 60 45/35 45/40 45/50 45/60 720/ 0 19 47
7.5 3 5 10 15 70 60/35 6ui40 60/50 60i~I:.j 720/ 0 20 57
8.0 2 5 5 10 15 70 60/35 60/40 60/50 60/6C 780/ a 2/: 2

0.5 9 5/ 0 0/ 5 0/ 5 0/10 0 38
1.0 8 5/ 0 0/ 5 0/ 5 0/:') 0/20 1 8
1.5 7 5 0/ 5 0/ 5 0/10 OliO 5/3.1) 1 38
2.0 7 5 0/ 5 0/10 a/IS 5/25 5/50 2 13
2.5 6 5 .5 0/10 iJ/ 15 ~.)/ 15 5/35 5/60 2 53
3.0 6 5 } : 0/10 0/20 5/25 5/40 5/70 3 28
3.5 6 5 L, 0/15 5/20 5/35 5/6il 5/60 4 3
4.0 5 5 5 20 O/ZO 5/25 5/50 5/60 5/60 /, 38
4.5 5 5 5 30 0/35 5/40 10/50 10/60 10/70 5 /,3
5.0 5 5 5 40 0/35 5/40 15/50 15/60 60nO 6 53
5.5 /, 5 5 1:1 45 0/35 5/40 20/50 20/60 120(70 8 18
6. t) 4 5 5 15 60 0/35 5/ /,0 30/50 30/60 180/70 9 58
6.5 4 5 5 20 70 45/35 45/40 45/50 45/60 720/ 0 19 58
7.0 3 5 5 10 20 70 60/35 60/40 60/50 60/60 72U,' 0 21 8
7.5 3 5 5 10 30 70 60/35 60/40 60/50 60/60 780/ a 22 18
8.0 ] -5 5 10 1+0 70 60/35 60/40 60/50 540/ 0 300/70 22 38

~-: ~- (: d - th(;::';i;: table~ '.-.'C', !."'c not tes lccl a:,; ri-.,ey are not CO~ni0.eric ally usn bJ ('. Th:.: r loS .• of
~ic. necrosis to the test subjr:c t ~.~ (alH<l)'s prlJsent \·:hen testing n~~'J tables at hi,_:h
~urt.: ) '...12 ~~ not adjudged reasoliClble on a risk-versus-benefit b3Sis. The I'e.ason thc~y arQ fh) L

lc in the field is that decompression time exceeds W'orkini; tiDe.
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APPENDIX II

EDEL-KIND\·!ALL CAISSON TABLE CAlK)
(ALOTDEC nI)

TI~-IE ASCENT ( D E C 0 H P R E S S I 0 N S T 0 P
,0 ) TOTAL TINE;,

to 1st
hrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. min.

7. S 3 0 3
8.0 2 10 a 1)

4.5 4 a 4
5.0 3 10 0 14
5.5 3 20 0 24
6.0 3 3CI a 3·e
6 " 3 48 0 4!-*.)

7.; \ 3 45 G 49
7.5 3 50 0 54
8.0 3 60 1 4

3.0 4 a I,

3.5 3 5 a 9
4.0 3 20 0 2/f

4.5 3 40 a 44
5.0 3 50 0 54
5.5 3 -: ',) :1. 14
f- 0 3 80 1 21,
l .. , 5 3 80 1 21,
7.0 2 5 80 1 29
7.5 2 5 90 1 39
8.0 2 5 1 !)C) 1 49

2. 'i 5 0 5
3.0 4 15 0 2()

3.5 I, 40 0 Ii 5
4.0 I, 60 1 5
4.5 4 SO 1 25
5.0 4 90 1 35
5.S 3 5 90 1 40
G.O 3 5 Jon 1 50
G.) 3 5 110 2 (:

7.0 3 5 PO 2 10
7.5 3 5 11,0 2 30
8.0 3 5 150 2 4u
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EDEL-KHlD\,ALL CA.ISSON TABLE (AIR)
(AUTODEC II I)

'THE ASC:E:;T ( D E C 0 H P R r. S S I 0 N S T 0 P S ) TOTAL T1:>11::
to 1st.

lrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. min.

!.O 5 0 5
2.5 4 20 0 25
'~. a 3 5 40 0 50
3.5 3 5 60 1 10
4.0 3 5 80 1 30
;, 3 5 100 1 50-r • ~i

5.0 3 5 llO 2 0
.s .. 5 3 5 120 2 10
~\ .. 0 3 5 140 2 30
6.5 3 15 140 2 /,0
7.0 2 5 40 150 3 20
7.5 5 45 150 3 25
f:.O 2 5 SO 180 4 0

1.5 6 0 6
2.0 5 15 0 21
2 .. :) 4 5 40 0 51
3.0 t; 5 60 1 II
3.5 4 5 90 1 /,1
I, .0 I, 5 110 2 1
!,.5 4 10 120 2 16
),0 4 15 150 2 51
:) .. 5 3 5 t,O 150 3 21
('.0 3 5 50 150 3 31
(' .. j 3 5 60 180 I; 11
"7.0 3 5 70 180 4 21
7.5 3 5 80 180 4 31
8.0 3 5 90 180 4 I,'



-28~

APPEriD IX II

EDEL-KINDHALL CAISSON TABLE (AIR)
(AUTODEC Ill)

T:C,::;: ASCENT ( D E C 0 If P R E S S I 0 N S T 0 P S ) TOTAL 'lLl:
to 1st

hrs. stoIJ 40 36 32 28 24 20 16 12 8 4 hrs. min

1.0 6 0 G
1.5 5 10 0 16
2.0 4 5 30 0 41
2.5 4 5 60 1 11
3.0 4 5 90 1 41
3.5 4 10 120 2 Ji,

. I,. a 3 5. 30 150 3 1
1,.5 3 5 40 ISO 3 2:
5.0 3 5 60 180 'f L'.
).5 3 5 70 180 4 '..
b.O 3 -5 80 180 4 _, .I

6.5 3 5 90 180 4 if 1

7.0 3 5 100 180 4 51
7. 5 2 5 5 120 240 6 16
fLO 2 5 5 120 2/,8 6 16

0.5 7 0 7
1.0 6 5 a 12
1.5 5 5 10 0 22
2.0 5 5 40 a 52
2.5 5 5 80 1 32
3.0 4 5 15 11,0 2 47

3.5 I, 5 40 150 3 22
i,.O i, 5 60 ISO 3 42
(..5 /, 5 70 150 3 52
5.0 I, 5 90 180 I, 42
5. ,'r 4 5 100 180 4 52
6.0 3 5 1') 100 180 5 7
6.5 3 <; 30 12.0 210 6 12-7.0 3 5 30 120 240 6 42
7.5 3 5 l~O l~~Q 240 6 52
c~. <] 3 5 1,5 120 3UlJ 7 57
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APPEliDrx II

EDEL-KINDi·lALL CAISSON TABLE (AIR)
(AUTODEe I II)

DEPTH TINE ASCENT ( D E C 0 H P R E S S I 0 N S 'I 0 P S ) TOTAL TDIE
to 1st.

psi hrs. stop 40 36 32 28 24 20 16 12 8 4 hrs. Erin.

28 0.5 7 0 7
28 1.0 6 10 0 17
28 ·1.5 5 5 30 0 42
28 2.0 5 5 60 1 12·
28 2.5 4 5 15 120 2 27
,8 3.0 4 5 40 120 2 52
~8 3.5 4 5 60 150 3 42
, 0 Lf.O I, 5 80 150 4 2.C

';) 4.5 Lf 10 90 180 4 47
, 5.0 3 5 20 100 180 5.)

, ij 5.5 3 5 30 120 210 6 12
'.) 6.0 3 5 40 120 240 6 52

- 6.5 3 5 6f 120 240 7 12
,~ 7.0 3 5 60 150 24CJ 7 42
3 7.5 " 5 5 70 150 300 8 57L

.:..;' 8.0 2 5 5 70 150 360 9 57

0.5 8 0 8
1.0 6 5 10 0 23
1.5 6 5 40 0 53
2.0 5 5 10 70 1 33
2.5 5 5 30 120 2 43
3.0 c 5 CO 120 j 13J

3." 5 10 70 150 3 .)j

4.0 ~ 5 20 90 160 4 '+3
!. :; I; 5 30 120 180 5 43, .~
5.0 4 5 40 120 210 6 23
5.5 4 5 60 120 21.0 7 J .

6.0 !: 5 70 150 240 7
6.5 I, 5 80 1:10 2' '\ 1:\ 3" ' ,,'
7.0 3 5 OJ 90 1.)0 3uG ~,\ 1"'"
7.5 " 5 5 90 150 360 10 }\')

~.O 0 5 • c 100 180 *5!.0 14 8
"

L)
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APPENDIX II

EDEL-KINDh'ALL CAISSON TABLE (AIR)
(AUTODEC Ill)

I!
_if TUIE ASCE~,rT ( D E C 0 H P R E S S I 0 I' S T 0 " S ) TOTAL TL'lE•< •

to 1st.
hrs. stop 1,0 ':"',1 32 28 24 20 16 12 8 4 hrs. min.

0.5 8 ., 8'.....

1.0 6 5 15 0 28
1. " 5 5 5 45 'I 3
2.0 5 5 20 80 1 53
2.', 5 5 45 120 2 58
3.0 4 5 15 60 150 3 58
3.5 4 5 20 90 150 4 33
1,.0 tt 5 40 120 180 5 53
4.5 I, 5 50 120 210 6 33
5.0 4 5 70 120 21,0 7 23
5.5 3 " 10 80 IS:: 240 8 13~

(. ) 3 5 15 90 1 r;;'J 240 8 28
, .5 3 5 20 100 150 JOO 9 43
7.0 3 5 30 120 ISO 360 11 13
7.5 2 5 5 40 120 180 *600 IS 58
8.0 2 5 5 40 120 180 *660 16 58

0.5 9 0 9
1.0 7 5 20 0 31"
1 " 6 5 10 60 1 24
2.0 6 5 30 120 2 44
2.5 5 5 10 6Ci ISO 3 51,
3.0 5 5 30 70 150 4 24
3.5 5 5 40 100 180 5 34
4.0 .5 5 60 120 If:. '." 6 14
4.5 5 HI 70 120 240 7 29
5.0 4 5 21) 80 150 21,0 8 24
5.5 4 5 3u 90 150 240 8 41,
6.0 4 5 40 100 ISO 300 10 I,

6.5 I, 5 45 100 180 360 11 39
7.0 3 5 5 60 120 180 *600 16 19
7.5 3 5 ]0 60 120 180 ~':6 (;0 17 2f;.

8.0 3 5 Lj 60 120 210 ,"660 17 59

,(:ludes 3 hrs. sleeping tiLle.
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APP£Ev:r X II

EDEL-KlND\·:ALL CAIS~;[):, TABLE (AI")
(AUTODEC lII)

T 1~>lE ASCE::r ( D E C 0 t1 P lZ 1::. S S T 0 " S T 0 P S ) TOTl,L TIl-fE~ "
to 1st.

hrs. s tt'p 40 36 32 28 24 20 16 12 8 4 hl~S • min

0.5 9 0 9
1,0 6 5 5 20 0 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 l L;
3.5 5 10 60 100 180 5 59
4.0 4 5 15 70 120 210 7 9
4.5 4 5 30 80 120 240 8 4
5.0 I, 5 40 90 150 21+0 8 Stt
).5 4 5 45 100 ISO 300 10 9
0.0 3 5 5 60 120 150 360 11 49
6.5 0 5 20 70 120 180 ,,':f;OO 16 34_0

7.0 5 15 70 120 210 *660 18 9
1.5 3 5 20 80 120 240 *660 18 54
8.0 2 5 5 20 90 120 240 *660 19 9

- . .) 8 10 0 19
L.O 7 5 10 25 0 50
1 ,.5 6 5 5 20 80 2 0
:.0 0 5 15 60 120 3 30
'.5 6 5 30 70 150 I, 25
".0 5 5 10 4 ~} 100 180 5 50
.5 5 5 20 60 120 210 7 5

n 5 5 30 70 120 240 7 55• Co

· S 5 5 50 90 150 240 9 5
.0 5 5 60' 100 150 300 10 25

-, I; 5 10 60 120 100 300 11 25
f' /, 5 15 70 120 IDO 360 12 40• _0

· :J /, 5 20 90 120 2/,0 *600 18 5
( 3 5 5 :lu .100 ]20 2/;0 ,"660 19 30· .,

3 5 10 3" 1:'0 120 21,0 *660 1:J 5~)u

','I 3 5 1 c 40 12u 12CJ ]00 *660 21 10_J



APPSNDIX 11

DEL-KllmW,l..L CAISSON TAlll..E (AIR)
(AUTODEC III)

AS C~\~ I' ( DE C 0 1'1 PRE S S I 0 N S T 0 P S ) TOTL'~L T"'~'-"L"l.t.

to Jst.
stop 40 36 32 28 24 20 16 12 8 4 hrs. min.

8 5 10 0 25
7 5 10 30 0 55
6 5 10 30 80 2 15
6 5 20 60 120 3 35
5 5 10 !~ 0 80 150 4 55
5 5 20 60 1~0 180 6 35
5 5 30 70 120 210 7 25
5 5 t. ,- 90 1") 240 9 0..)

4 5 10 ( ."'. 90 150 30G 10 25'..'-'

f+ 5 20 60 120 150 300 11 5
4 5 30 80 120 180 360 13 5
3 5 5 1,0 80 12l.' 210 ;'600 17 50
:> 5 10 40 90 1::0 2L,. (l "'(,60 19 35
3 5 15 45 90 150 240 "';[160 20 15
3 5 20 1.5 100 150 240 *720 21 30
2 5 5 30 60 120 150 300 *720 23 20

') 5 15 0' 31
7 5 5 10 40 1 11
6 5 5 10 30 90 2 31
6 5 5 30 60 150 4 21
6 5 15 1,0 100 150 5 21
6 5 30 60 120 .. 180 6 46
6 10 40 80 120 240 8 21
5 5 15 60 90 150 240 9 0,

.' .1

5 5 30 60 100 ISO 300 10 56
5 5 40 80 120 180 360 13 16
t. 5 5 40 90 120 180 *600 17 31
4 5 5 50 90 120 240 ~;6\)O 19 41
[. , lu 60 90 150 240 *660 20 26~

3 5 5 15 60 100 ISO 3'--() *660 21 46
3 5 5 2C, 7 (J 120 150 ",'-:. i 20 ? .. 21...)

3 5 5 30 70 120 H,O *5~·;':j 1,80 21, 1

H llYS. sleeping til~~ ..
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APPENDIX II

ED£L-KIND\-iALL CAISSON TABLE (f.lR)
(AUTOD:~C r II)

DE?T~i T ·ll~;-=" ASCL:7 ( D E C 0 H P R E S " I 0 N S T 0 P S ) TOT"L TI~·rG~

to 1st.
psi h1's. stop 40 36 32 28 24 20 16 12 8 I, 111'8. mi I'!..

{~4 0.5 8 5 5 15 0 36
44 LO 7 5 10 15 45 1 26
44 1.5 6 5 10 10 40 120 3 Ii>
1,4 2.0 6 5 10 40 60 150 4 36
44 2.5 6 5 30 40 120 150 5 56
1+ !+ 3.0 5 5 10 40 60 120 210 7 36
44 o ' 5 5 15 45 90 150 2!i-O Co 16..J • .J ,
lJt ,~" 0 5 5 30 60 90 150 300 10 46
!.t4 4.5 4 5 10 30 80 120 150 360 12 46
44 5.0 4 5 10 1,0 90 120 180 *600 17 36
4Li 5.5 4 5 10 50 90 120 210 *660 19 16
It 4 6.0 " 5 10 15 60 90 150 240 *660 20 41"
LI !+ 6.5 3 5 1" 15 80 90 150 300 *660 22 1v
4/, 7. Cl 3 5 10 20 80 12;:' 150 300 i' 720 23 36
41, 7.5 3 5 10 30 80 120 180 300 " 720 21, 16
44 8.0 2 5 10 15 30 80 120 210 *51,0 540 26 1

I, () 0.5 9 5 10 15 0 42
1,6 1.0 8 5 10 15 50 1 32
1,6 1.5 7 5 10 15 45 120 3 27
It (;, 2.CI 6 5 10 10 40 70 150 4 57
1,6 0 c. 6 S 10 30 60 120 180 6 57~~ • . J

1,6 3.0 (: 5 15 40 80 120 21,0 8 32
46 3.5 6 5 30 60 90 150 240 9 47
L~ 6 1+. U 5 5 10 40 70 100 180 300 11 57
46 4.5 5 5 10 45 80 120 180 360 13 32
46 ~.O 5 5 15 GO 90 120 110 *600 13 32
46 5. ~) 4 5 10 20 70 90 l~;C 21,0 *66iJ ~:;' ) 57
4 (j 6.0 I, S 10 30 70 90 150 240 i, 77.0 n 7
46 L ' I, 5 10 3D SO 100 180 300 ;'660 22 57~.J

(;(, -/ ,- :. 5 i ,r) 15 40 80 120 180 300 "720 2!i 42, . ,)

(I c., 7 • ~, 3 5 .1 (J 15 liU (' " pn 2.!,O *600 If 30 2C 12CJI) ~U

',6 B.O 3 " 1(, 15 50 S!t) 120 240 '''600 liSO 27 2"
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APPE,mD: II-

EDEL-KIND\'iAl.L CAISSO~, TABLE (A Tr.)
(AC' '),;C Ill)

. ..- ASCI::--lT ( D E C o 1-1 PRE S S I 0 N S T 0 P S ) TOTAL TE;;;;
to 1st

'5. stop 40 36 32 28 24 20 16 12 8 4 hrs. min.

.5 8 c 5 10 15 0 47-'

.0 7 .5 1(~ 10 15 61) 1 52

.5 6 5 10 15 15 G~ 120 3 57

.0 6 5 10 15 1,0 100 150 5 32
6 5 15 40 60 1')1·') 180 7 12

0 5 5 10 20 1,5 90 120 240 9 2
5 5 5 10 40 60 90 150 240 10 7
,1 5 5 15 40 80 l~: (I 180 300 12 32

.5 4 5 5 15 U' 80 1ZU 180 360 13 57'~

) (; 4 5 S 30 60 90 150 240 *660 20 52
) . .5 I, .5 10 30 80 90 150 2/,0 *720 2:L 17
.0 3 5 5 10 1,0 80 100 180 240 *720 23 12
.5 3 5 5 10 60 80 120 180 *540 480 24 52

/ . 0 3 5 10 15 60 80 120 210 *5~O 540 26 32
1.5 3 5 10 15 70 80 1.::(: 240 *54u 5i,0 27 {',

'"8.0 2 5 5 10 15 70 90 150 240 *&08 5!~O 28 57

0.5 9 5 5 10 20 0 ,

1.0 8 5 10 10 20 70 2
1.5 7 5 10 15 20 60 ISO i, 3
2.0 7 5 10 30 50 120 150 6 1"(,

2.5 6 5 5 15 40 60 120 210 7 ' ,
',0

3.0 6 5 10 30 60 90 150 21,0 9 58
3.5 6 5 15 40 70 100 150 3UO 11 33
i,.O 5 5 5 20 50 80 120 ISO 360 13 53
4.5 5 5 5 30 60 90 120 210 *600 18 53
5.0 5 5 5 1,0 70 90 150 240 *6i~O 21 13
5.S I, 5 .5 10 45 80 100 150 300 *660 22 1+8
6.0 4 5 5 15 60 80 120 180 *540 I,SO 24 58
6.5 4 5 5 20 70 80 120 180 *540 5/,0 26 13- ) 3 5 5 10 20 70 90 120 240 *600 480 27 33
/ .5 3 5 5 1 i) 30 70 :: .j 150 2<'10 ;'600 540 29 13'"8.0 0 5 .5 1U 40 70 120 150 *L11..;0 360 Si,O 29 53~

Jdes 2 ll:s. sleeping'ti.me.
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APPENDI;; III

CA ISSON TABLE AUTODi;C II (AIR)

(These tables failed on test prod~lcing a positive bone searl and clinJ.cal be!~ds)

( DEC 0 M PRE S S ION S TOP S)
36 32 28 24 20 16 12 8 4

o 4
509

10 0 14
15 0 19
20 0 24

-----':fu---T -3=-4'--

TOTAL T r;,;s
hrs. mi:1 ..

13
2J
29
37

9 0 14
12 0 17
28 0 33

5 38 0 48
5 46 0 56
5 53 1 3
~, 61 __ 1 11

---,-.------- _..------5-----'[;9-- ---l'-Tcj---
5 77 1 27
5 85 I 35

o 17
o 25
o 33
o 41

5 {,;(i 0 /,9
._-.------.. --"---- - -)--2~x,--'--'O-~-I;-

5 56 1 5

3

4
3
3
3
3

4
4
I,

3
3
3
3-·-3-"'" ------,-.

3
3

3
'3

3
3
2-'-2--------'--
2

ASCENT TO
1st. stop

DC:PTH TOll
psi hrs.

11, 5.5
14 6.0
V+ 6.5
14 7.0
14 7.5
I4 8.0

16 5.0
16 5 .. 5
16 6.0
16 6a5
16 7~O
16 ----

i • ,)

16 b.O

1° 3.5"
18 4.0
, n 4.5' '.)

lO S.U. -::'
, " 5.5Ll)

13 6.0
18 6.5
--, -~--_._---

7~o1(;
..L6 7.5
is 8.0

:U

1.5
2.0
2. :)
3.0
3.5

!t. ~

S.U
5.J
6. ()
6.5
7 •()
7 "1 .. _'

8.0

3
3
3
3
3
3
3
"

-'

o 5
10 0 15
14 0 19

5 18 0 28
5 28 0 30
S 33 0 I;]

5 43 0 53
5 5:~ 1 3
S 58 1 8
5 63 1 13

10 67 1 22
-.----.~ ---- ..----.----.--.-- ·-'---~15--7o----T'··----j"u--

20 80 1 I, C,

30 'laO 2 15
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APPENDIX III

CAISSON TABLE AVTODEC II (AIR)

(T!tc"s', tables failed on test producing a positive bone scan and clinical bends)

TaB ASCENT TO (D E C 0 P R E S S I a N S T 0 P S) 'lOTAL T ,;;E

hrs. 1st stop 36 32 2i5 2/, 20 1(, -, ') 8 4 hr,s. min.

1.5 5 10 0 16
2.0 5 18 0 24
2.5 /, 5 20 0 31
3.0 4 5 27 0 38
3.5 4 5 42 0 53
4.0 4 5 57 1 8
4,5 4 10 65 1 21
5,0 4 10 77 1 33
5.5 4 IS 84 1 45
6.0 4 20 90 1 56

"'--~-'- 4 ----- 30 120 2 30---
7,0 4 40 120 2 1,6
7.5 4 50 150 3 26
8,0 4 60 180 4 6

1.0 0 0 6
1.5 5 17 0 23
2.0 4 5 16 0 27
2.5 4 5 29 0 40
3,0 4 5 1,1 r; 5::
3.5 4 10 56 1 12
4,0 4 20 66 I 3-2
4.5 4 20 79 1 45
5.0 4 25 86 1 57
5.5 I, 30 106 2 22

--'" 6:-0-- I,
,----,

4()l20 2 L~ 6
6,5 4 50 150 3 26
7,0 I, 60 180 4 6
7 c 3 15 60 180 4 21, .~
8.0 3 30 60 21,0 5 36

.'.:~ ir ' ....,te lira1.t of st;'.y"lard l,..;orl-;.shifL.
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C1 10D ASCENT TO (D E C 0 N P R E S S 1 0 N S T 0 P S) TOTAL TIc-iS. ,
1st 36 32 28 24 20 16 12 8 4hrs l i stop hrs. r:~in.

1.0 7 0 7
1.5 5 5 17 a 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 44
4.5 5 30 86 2 3
5.0 I, 5 30 100 2 22
")·~-5---·-- -(-:-- 10 30-120 -----2-1;7-
6.0 4 15 40 150 3 32
"6.5 I, 20 50 180 4 17
7.0 4 30 60 21,0 5 37
7.5 4 45 60 240 5 52
8.0 4 60 60 300 7 7

0.5 7
1.0 6
1.:i 5
2.0 5
2.5 5
3.0 5
3.5 5
4.0 5
I, _5 4
5:0-- --- ---1;"------..----~ ..

5 . .5 4
6.0 4
6," 5 4
7.0 4
7. i 3
8.0 ~

16
5 19
5 29

10 53
15 76
20 55
3G 90

5 30 120
10 40 150 ----
IS 45 180
20 60 210
30 70 240
45 90 300

15 60 90 360
60 90 360

o 7
o 23
o 31
o 41
1 10
1 38
1 52
2 7
2 4::'s---n--
4 7
4 57
5 47
7 22
8 52
9 7
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AP pam IX III

CAISSON Tr.nLE AUTODI;C II C'\lR)

(These tables fai12d on test pr9duc:lng a positive bone SCdn and clin5.tl bends)

'~': 1" ":{
':~ 1.

T013
hrs.

ASCE:'T TO
1st stop

(D E C 0 H PRE S S ION S TOP S)
36 32 28 24 20 16 12 8 4

TOT/\L TInS
hrs. min.

8
2.3
38

2
24
45

7
28

8
5C-

o
o
u
1
1
1
2
2
3
3
5
6

7
9
9

15

15
25
39
51
62
: J
~0

120".----..;.-..-.;-i5-0
180
240
240
360
3 cnv.·

6(,0"

5
5

5 10
5 20
5 30

10 40
10 40
t_) I:,

-,~d

30 90
45 90
60 120
60 120
60 120
60 150

15
30
60

8
6
6
5
5
5
5
5
5
5
5
5
5
4
4
4

0.5
l.0
1.5
2.0
2.5
3.0
3.5
4.0
4,5

--S-:-O .-.
5,5
6.0
6.5
7.0
7.. 5
2.0

J

IJ

0.5 8
1.0 6
1.5 6
2.0 6
2.5 5
3_0 5
3.5 5
4.0 5·---1;3--····_--
5.0

6.0
6.5
7.0
7 __

S.L

4
4
4
3
3

-~_._-----

1"
30

5
10
15
20
30
30
60

o
5 22 0 35

10 42 1 0
20 57 1 25

5 30 69 1 52
10 30 90 2 18
15 30 120 2 53
20 ~a 15Cl 3 38

-30-C;U-Wo------7;--:jij-
30 70 210 5 23
30 90 240 18
45 100 300 i 48
~u 120 360 ~ 28
60 150 420 11 8
ri' 180 66lF 15 53
GO 180 720< 17 38

Lilli:.S in(:;cate limit of sland.Jrd Ivorkshift.
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APPENDIX III

CAISSON TABLE AUTODEC II (AIR)

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

EPTH TOB ASCENT TO (D E C 0 M P RES S I 0 N S TO P S) TOTAL TIME
5i hrs. 1st stop 36 32 28 24 20 16 12 8 4 hrs. mins

" 0.5 9 0 9

" 1.0 7 5 25 0 39

" 1.5 6 5 15 30 0 59

"
2.0 6 5 20 59 1 38

• 2.5 6 10 30 76 2 5

"
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 5 5 30 90 180 5 14
5.0 5 10 40 90 240 6 29
5.5 5 15 45 120 300 8 9
6.0 5 20 60 150 360 9 59
6.5 5 30 60 180 420 11 39
7.0 4 • 15 30 60 240 660*· 16 54•
7.5 4 30 30 70 240 660* 17 19
8.0 4 60 60 60 240 720* 19 9

0.5 9 0 9
1.0 7 10 25 0 44
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 44
4.0 5 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 60 150 360 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 44
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 air)

Lines indicate limit of standard workshift.
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Al'l'ENDlX In

CAISSON TABLE AUTODEC II (AIR)

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

JEPTH TOB ASCENT TO
hrs. 1st stop

(D E COM PRE S S ION S T 0 l' S)
36 32 28 24 20 16 12 8 4

TOTAL TIME
hrs. mins

38 0.5 10 0 10
38 1.0 8 15 24 0 49
38 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 6 15 30 70 180 5 5
38 4.0 6 20 30 120 240 7 0
38 4.5 6 30 45 120 300 8 25
38 5.0 5 5 30 60 150 360 10 15
38 5.5 5 • 10 30 70 180 420 12 0
38 6.0 5 · 20 30 90 240 660* 17 30·)8 6.5 5 ' 30 30 120 240 660* 18 10
38 7.0 4 15 30 60 120 240 660* 18 55
38 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
.0 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
.0 5.0 5 20 30 70 180 420 12 10
~o 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
.0 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)



APPENDIX III

CAISSON TABLE AUTODEC II (AIR)

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

?Tli
i

TOB ASCENT TO
hrs. 1st stop

(D E COM P k E S S ION S TOP S) TOTAL TIME
36 32 28 24 20 16 12 8 4 hrs. min.

0.5 10 10 0 21
1.0 8 10 15 20 0 56
1.5 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 6 5 30 40 90 240 6 56
4.0 6 10 30 60 120 240 7 51
4.5 6 20 30 90 150 360 11 1
5.0 6 30 30 90 180 &60* 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 15 30 52 1 58
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 20 30 60 120 240 8 1
4.0 6 30 30 60 150 300 9 41
4.5 5 10 30 30 90 180 660* 16 51
5.0 5 20 30 40 120 240 660* 18 41
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 20 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 II (AIR)

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

DEPTH TOB ASCENT TO (D E C 0 M P R E S S I 0 N S T 0 P S) TOTAL TIME
psi hrs. 1st stop 36 32 28 24 20 16 12 8 4 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 4 22
46 3.0 7 20 30 45 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 6 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
4·6 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 1 22
48 1.5 7· 10 15 15 30 62 2 24

. 48 2.0 7 20 20 30 60 120 4 22
48 2.5 7 30 30 45 90 180 6 27
48 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 4 10 30 30 30 90 180 360 720* 24 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.
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APPENDIX III

CAISSON TABLE AUTODEC II (AIR)

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

j {

DEPTH TOB ASCENT TO (D E C 0 M P RES S I 0 N S T 0 P S) TOTAL TINE
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 15 15 15 30 1 - 28
50 1.5 8 20 20 20 30 61 2 44
50 2.0 8 30 30 30 60 120 4 43
50 2.5 7 10 30 30 45 90 180 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 5.5 5 10 30 30 30 90 180 360 720* 24 23
50 6.0 5 20 30 30 40 120 180 360 720* 25 13
50 6.5 5 30 30 30 60 120 240 600* 480 26 43
50 7.0 4 15 30 30 30 60 150 240 600* 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.

*lnc1udes 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

I. 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 valves 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 in the lock.
These masks need not be connected when not in use. All masks shall
be equipp.ed 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.

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

C. An oxygen 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.

D. 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 lbs. The' oxygen cylinders and
manifold may be situated in the tunnel in a, protected area or top­
side. In any case, the lock tender must be qUickly able to visually
verify the cylinder pressures. Alternatively, a cryogenic or liquid
oxygen source of adequate size may be used having a vaporization
pressure set at 150 psig.

E. 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 H cylinder contains
220 cu. ft. of usable oxygen at a sta'rting pressure of 2,250 psi.
It is anticipated that the average man will consume approximately
0.5 cu ft. per minute at atmospheric pressure. Decompression,
however, will be carried out at greater than nOrlllal atmospheric
pressure so the final result will have to be multiplied by the
number of atmospheres absolute or fractions thereof which the crew
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POUNDS PER SQUARE INCH GAUGE (PSIG)
EXPRESSED IN A1110SPHERES ABSOLUTE

4 lbs. = 1.27 atmospheres
8 Ibs. = 1.54 atmospheres

12 Ibs. = 1.82 atmospheres
16 lbs. = 2.09 atmospheres
20 Ibs. = 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 an air at 12 psig, a thirty minute stop on oxygen
at 8 psig, then five minutes of air at 4 psig followed by sixty min­
utes of oxygen at 4 psig. No oxygen is required at 12 psig, but
thirty minutes and sixty minutes of oxygen are requi"red at 8 and 4
psig respectively. As seen from the table, 8 psig is equal to 1.54
atmospheres and 4 psig is equal to 1.27 atmospheres.

Calculations are made as fallows:

6 men x 0.5 ft 3/min.
6 0 5 ft 3/=on.men x •

x 30 min. x 1.54 atmospheres absolute =
x 60 min. x 1.27 atmospheres absolute =

138.6 ft 3
228.6 ftl

367.2 ft 3
367.2 ft3 x 150% = 550.8 ft3

550.8 ft 3 - 220 ft 3 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 line which carries the exhaust oxygen, which has been
breathed, is carried topside and discharged to the atmosphere. It shall
be carried high enough sO that cigarette butts, etc. cannot be inadver­
tently dropped into it, and topped with a U fitting or rain shield.

G. An oxygen meter shall be installed with its sensing element in a pipe dis­
charging air from the decompression lack. 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 23%.

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

I. 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 turn ball valve shall
activate the hose(s). Water pressure shall be" at least SO psi greater
than any anticipated pressure in the lock.
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II. Operating Procedures When Using Oxygen Decompression

A. Before the crew enters the lock, the lock tender 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 calibration.

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

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

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

E. 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 o~ the workers have started to breathe oxyge?

F. 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.

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

H. 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.

1. The lock tender shall continuously ventilate the lock so as to maintain
the oxygen content of the discharge air below 23%. If the high oxygen
alarm goes off indicating a percentage greater than 23%,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.

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

K. The foreman shall carry a portable hand held oxygen meter in the lock and
shall calibrate it properly at lock pressure before oxygen breathing is
commenced. Alternatively, 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 02 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% 44.9% 1. 95
12 38.2% 41.9% 1.82
10 35.3% 38.6% 1.68

8 32.3% 35.4% 1.54
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 oecause
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
eontacts 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 .' . .

L. In the very remote possibility that anyone should experience an oxygen
reaction (seizure) the foreman should immediately remove the man's oxygen
mask and assure that he has an airway by turning his head back and pulling
up on 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. If 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.



-49-

R. The foreman shall instruct all of the workmen regi'lrding the hazards of
fire when oxygen breathing procedures are disregarded.

S. 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.

T. 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. .

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

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

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

X. 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 on 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 KASSOUF COMPANY

THE MURRAY HILL CONSTRUCTION COMPANY
n38 COMMERCE PARK OVAL • CLEVELAND, OHIO .... '31

(216) !524-4348

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 yo~r proposed rules, however, there are a few exceptions.

It is our theory that the safe use of oxygen is a three-prong attack:
1.) instruction as to proper use, 2.) preventing oxygen build-up, and
3.) limiting 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 aTJ else
fa i 1.

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 II, Item V, wherein it is possible when following
the rules in this case one may be forced in fact to act contrary to common
sense. We suggest that this is covered in evacuation procedures under
existing OSHA regulations ,and no additional rules are required.

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 look forward to your comments.

'/?1""cf..., Sincerely yours,

~ij//4I!!Lc.~4I-'e~~/
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APPENDIX VI

SAFETY RESPONSIBILITIES OF EMPLOYEES

I. Project Engineer

1. The project engineer carries the ultimate responsibility for the
safety of the entire project.

2. 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.

3. 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.

4. He shall be familiar with all applicable OSHA codes.

II. Project Safety Engineer

1. This individual is in immediate operational 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 being up to date.

2. A check list is provided to the safety engineer as an 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.

3. The engineer shall do the necessary calculations for oxygen require­
ments (when oxygen decompression is 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 monitor at each decompression stop when oxygen is
used.

4. He shall be familiar with all applicable OSHA codes.

III. Shift Foreman

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

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

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

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

6. The foreman shall be responsible for sampling the air on his shift if
directed to do so by the project safety engineer.

! !

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

8. 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.

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

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

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

IV. Lock Tender

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

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

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

•

1 _

4.

5.

6.

He shall permit no person 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 wi thin the preceding 12
hours. In an emergency, re-entry into the compressed air heading may
be permitted, but only wit\1 the knowledge of the hyperbaric
physician.

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

7. He shall be responsible for delivering the completed logs and
recording graphs to the safety engineer's office when completed.
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8. He shall assure that there is adequate ventilation in the combination
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.

9. 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.

V. Compressorman

1. 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.

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

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

4. He shall insure that the air intakes to both the high and low air
compressor~ are so positioned that exhaust~es from Diesel or gas­
oline powered engines are not drawn into the intakes.

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

6. He shall be familiar with the current OSHA regulations as they refer
to the compressor plant.

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

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

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

3. 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

1. Check all
A.
B.
C.

D.
E.
F.

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

for in-

2. Check conditions around intakes for both high and low air compressors to
insure· that Diesel or gasoline engines are not operating in the area
(daily) •

3. Check logs to" be sure that Diesel generators have been test-started and
actually coupled to the air compressors at"least once a week.

4. Ascertain that check valves in air supply piping in tunnel both at the in­
side end ~f the manlock and at the tunnel face are functional (daily).

5. See to it that air is analyzed at the heading for C02. 02. CO. oxides
of nitrogen at least one time per shift. Log these results. If C02
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).

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

7. Verify by appropriate C02 re~dings that no dead air exists midway
between the heading and the manlock (as required).

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

9. 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.

10. Verify that the first aid kits in
and in good condition (weekly).
missing items. ,

the manlock and the tunnel are complete
Replace any deteriorated, damaged or

11. Check operations of all telephones (daily).
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12. Be sure safety lamp for detection of methane is functioning properly
(daily).

13. Check emergency lighting (weekly),

14. Check toilet facilities in tunnel for sanitation (daily).

15. 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).

16. If oxygen decompression is
meters to be functional,
(daily).

used, verify oxygen supply to be adequate, 02
and oxygen masks to be performing properly
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APPENDIX VIII

CHECK LIST FOR PHYSICIAN INSPECTIONS OF THE TUNNEL SITE

1. Physician visits should be made every week to ten days. When the physi­
cian 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.

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

3. 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 immediate compression of an accident vic­
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.

4. 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 valves and gauges can
be ascertained.

5. While in the chamber, the physician should be alert to odors in the air
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 function.

6. 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 lifts at 76 psig, the chamber should not be operated with personnel
inside, to pressures greater than 68.4 psig) (153 fsw).

7. On leaving the job si te, 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

1. Inside Medical Lock

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

2. Afrin nasal spray
3. Flashlight
4. Reflex hammer
5. Blood pressure cuff (Aneroid) - to be left with valve open or tubing,

disconnected.
6. Stethoscope - two hose
7. One battery operated quartz clock
8. Four pairs of ear mufflers (noise protection)

11. Outside Medical Lock

1. 6 - "R" Cylinders oxygen on manifold
2. 2 - 1 liter plastic intravenous infusion bags containing D 5% and

half normal saline.
3. 2 - 1 liter plastic intravenous infusion bags of Ringer's lactate
4. 4 Intravenous infusion sets
5. 1 liter aqueous Betadine solution
6. Package of individually wrapped skin swabs
7. Selection of angiocath and needles of various sizes
8. A selection of soft French urinary catheters (sterile)
9. Urinary catheter tray

10. A selection of airways
11. One thoracentesis set with one-way valve
12. Two boxes assorted band-aids
13. One roll tubular bandage with aluminum applicator stent (for finger

injuries) .
14. One oxygen analyzer with probe connected to chamber exhaust line.
15. Package of plastic styrofoam cups

III. Inside Combination or Decompression Lock (Tunnel):

1. 3 bottles Afrin nasal spray
2. 6 rolls cling bandage
3. 6 ABD pads
4. 1 package sterile 4 x 4's
5. . One box assorted band-aids
6. One roll adhesive tape
7. One electric clock
8. One hand held oxygen analyzer if oxygen decompression is being used.
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APPENDIX X

SAMPLE APPLICA~ION FOR VARIANCE

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

FROM: Any Tunneling Company
Main Street
U. S .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 tunnel 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 graRhs 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 is granted, we hereby request that a vartance be
granted to eliminate the use of the automatic decompression controller. The
only reason for the present requirement for automatic decompression controllers
is that regulation of very small amounts of pressure change 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 response to Work Order Ko. 79-3851
dated 8/2/79, which stated:

Deteroine the' feasibility for developing 'interim decompression
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 sickness rate of 57. with
non-serious classification.

2) A maximum dysbaric 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 shall be delivered
to the Project Officer at the following address:

Dr. Alan Purdy
H~J Parklawn Bldg.
5600 Fishers Lane, Mail Stop 8-23
Rockville, MD 20857

Th.W ~:tJ.uJ.'.f WM hdd a.t -the Ultdvwea /.!<.d.i.cal Soc<.e-t'.f. Inc., 9650
_Rockv.i.il.e P.£ke, Be..thuda, MMlj£.and, on 23 Ju.l'.f. 1979, a.Jtd tU1.6 nu.J!ded

b'.f the Na.ticJlla£. I~.ti.ttl..te 6o.'t OC.C.U.pa.tiOH::'Z. Sa6e.tf/ a.nd HeaLth.

The op.£n.<.o~, COIlc.£.M.£OI14 culd ltec.ommc.J:ia.t'<'oll-6 cOltta.<.ned .0: tlu-s
ltepoit-t Me. !tot to be conl.>.tJt.u.ed M o66.{.c.L:Z. 0Jt. nec.eM(t,'!.Uf/ ,'te~.e.ect.o!g

the v.£eJ~1.> 06 the. Na..uoHal. IIl-6·:t.i...tu..te 6M ('c.c.u.pa.tic na-I: Sa;i e..tf/ and
HeCt.U:t.
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Back.ground

In the fall of 1977, NlOSH awarded a snaIl grant to Dr. E. P.
JCi.ndwllll of St. Luke's Hospital in Hihiau.\ee, to carry out sk.eletal
x-ray surveys and bone scans on a group of compressed air tunnelers
who had used the current OSHA-enforced Federal decompression sched­
ules, at pressures ranging up to 44 psi, on a tunnel contract that
was completed in 1973. Previous experie~ce 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 t!1at 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 caused no disability. For this
reason, it was generally assumed that the' current OSK~ decompression
schedules were safe.

,
However, an August .1978 interim repo:'"t of a survey of ~filwaukee

compressed air workers who had used the OSHA tables at pressures
greater than 36 psi demonstrated that S of 20 men had severe juxta­
articular lesions. This represented a 25~ incidence of disabling
dysbaric osteonecrosis apparently as a co~sequence of using the
OSHA-enforced decompression sch.edules. Kindwall felt that a neli set
of decompression schedules was essential to reauce· the incidence of
dysbaric osteonecrosis and. the incidence of decompression sickness,
which, although treatable, was a troublesome factor in compressed
air construction. It was estinated that the production and testing
of a whole neli set of tables would take at least two to three years.

The August 1978 interim report came :0 the attention of Dr. Alan
Purdy of NIOS!!, who suggested that, since it would take such a long
time to develop and publish tested tables, ~IOSH should promulgate
new interin tables which might immediately reduce decompression
sickness, morbidity, and bone destruction ~~ong caisson workers.

This Workshop (see list of particip~nts above) was convened to
explore the feasibility and advisability of devising interim decom­
pression schedules and promUlgating them for i~ediate use, while
other studies were being carried out to ~est the more definitive

_deco~ression tables. It was noted that the present OSHA tables,
as well as all previous U.S. tunnel. tabl;s, had been put into use
without prior testinr. in the laboratory.



Definition of Interim vs. Permanent Tables

At the outset, Hr. 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 OSf~ to become involved, it would have to
have indications from NIOSH that further work was needed, and woul.d
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 a variance from the OSHA procedures.

Interim tables were defined as deco~ression schedules generated
using the best available data from commercial diving and other
sources, and which could reasonably be e~~ected to eliminate or at
lel>St greatly diminish dysbaric osteonecrosis problems as well as
the incidence of decompression sickness. ~lr. Peter Edel of New
Orleans, who was attending the Workshop, has computer data banks
that include this irtformation, and he has offered to produce new
interim schedules using data from IS 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 doc~~ented in industrial
use, and would fall within safe limits based on these criteria.
Thus, the interim tables \~ould not be "tested" before promulgation,
but they would take into account the results of field testing of
the same or similar e~posures and decomp=ession profiles over the
past several years. In this sense, the interim tables would be

- ~ubstantia 11y "pre-tested."

Earlier, Mr. Edel had been ,sked to produce ne'i decompression
schedules for tunnel workers as part of a long-term research project
that would be carried out at St. Luke'~ Hospital and the Medical
College of l1isconsin in Hilwaukee. Kindwa11 had proposed that new
decompression schedules could be developed \ii th Edel's data, and
that these preliminary tables could then be reevaluated in the·
laboratory using human ni trogen washout studies and ul trasoni.c
bubble imaging of stationary bubbles in the subject's tissues.
Assistance with the ultrasonic bubble imaging would be provided by

.. Dr. Hewlett E. Ilelton of the Department of Pathology at the ~ledical

College of Wisconsin, a spccialist in this arca. It was proposed
that tissue bubble imaging using the present OSIIA tableS then be
compared liith Edel's schedules and the nitrogen washout results.
Addi~ionally, the tables would thcn be testcd at the exposure
e~tremcs 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 ~IOSH,

but at this poi~t, 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 interim
tables could become the permanent tables.

The Need for New Tables , :
I'

The group felt that the first order of business was documenting
the need for new decompression tables. Kindwall noted the Hilwaukee
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 ~alwaukee, using an anonymous
reporting 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 a 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. Kinrniall. 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 I'/ashington state. as well as in ~lilwaukee.

At that time, Dr. Behnke stated that "we have infor~ation 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. However, 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 decompression
sickness which \i3S in tile range of from 13 to 3S?. 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 Sf.. I think lie have enough evidence to indicate again that in
the pressure ranr,e of 30 to 3S psig the tables are totally inadc­
quat'e." Dr. Lambertsen agreed "ith Dr. Behnke that "a random repair
of any deconpression system was undesirable and will not work."

3



These observations prompted the Work5~op group to examine the
current OSHA decompression schedules to ceteI'l:l.i.ne if the reason for
these shortcomings might be discerned by visual inspection of the
schedules.

Known Ambiguities, Irregularities and Deiiciencies of the Present
OSHA Sc!'.edules

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 ~~ to 39 psi, and four con­
tinuous stages at pressures over 40 psi. The ~ost important thing,
however, is that considerable amounts of ti~e are spent in the last
stage of each schedule, which occurs bet.een 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 ef=ective bubble suppression.
Almost 60% of the total decompression ti=e is spent below this
pressure. Almost 30% of the total deco~=ession time is spent at
less than 2 psi, and thus appears chiefly to be wasted time.

Another and more disturbing observat~on is that the OSK~ tables
provide a decompression schedule for "on:- eight hours" for each
pressure level i~ the tables. Apparently, a tunnel foreman who had
to stay beyond the length of his no~al s~ift because of a construc-"
tion problem or who conceivably might wo=x a double shift or 16 "
hours, would still be eligible to decomp=ess on the "over 8 hour"
schedule. Sixteen hours under pressu:::-e in fact becomes a saturation
exposure, and yet all of the "over 8 hOt;~1 schedules fail to pro­
vide anywhere near ~he proper amount of t~e for a decompression from
saturation. As an exmr.ple, the "over ei~'1t hour" decompression
requireI:!ent for a \iorl:ing pressure of 20 psig calls for a total
decompression time of 113 minutes. Twenty psig is equivalent to
a pressure of about 45 feet of sea>later. Current practice for
saturation decompression from 45 feet wo~ld·call for between 14 and
16 hours of decompression tir.:e with oxyg~n. Were the OSHA schedules
to be used in a saturation situation, the results would be predict­
ably disastrous.

At the Nor);shop, ~rr. ftrthur Chase pr=<iuced a graph plotting
decompression time in minutes against eX?oSUre pressure at sea level
for 10 different exposure times. This ?r~ph was prepared by Straam
Engineers, Inc. The graph shoh'ed the req:Jired decompression tines
to be quite irregular, but most notable -as 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 ex?osures at 20 psi,
6 or 7 hour exposureS at IS psi, and the 7 or 8 hour exposures at
44 psi and 48 psi, whereas for the 7 or S hour exposures at 46 psi,
the decompression times I.ere different. So explanation could be

4
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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. Hr. 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 ~e basis·of the known high incidence of decompres­
sion sickness in all ranges, the appearance of dysbaric osteonecrosis
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 decompression exposures at pressures less than 4 psi,
which do not conform to the current state of knowledge of decompres­
sion efficiency;

Alternative Decornoression Schedules

There was a discussion concerning the possibility of using
an"other 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 1953 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 efficient with regard to inert gas
elimination than the OSHA tables I they still produce some dysbaric
osteonecrosis at the longer exposures. Dr. Purdy explained that
NIOSII 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 be too lengthy for the non­
saturation exposures in tunneling.

Dr. Behnke sug~estcd the possibility of using "a habitat and
saturating tunnel crews at relatively ~odest pressures, and providing
th~m with a 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
no other alternative or totally satisfactory decompression schedules,
domestic or foreign, which could be recon~ended 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 deco~­

pression has been traditional in the t~~el 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 unphysiologic. Or. Kindwall
agreed with Mr. Edel, stating that stage decompression would not
require cams and tapes and the whole decocrpression 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 new interim
tables should also 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 of 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 initially. 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 du~p systems would be required
if oxygen was used, and very strict regulations.would be required to

6



ensure safety. The group decided that ~lr. 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 sho\iers, change clothes, liatch T. V., or play
billiards during the last part of their decoQpression 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 s~aller

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 Hethods for Determining OSHA-Approved Schedules

The feasibility of NIOSH or OSHA approving decompression sched­
ules developed using proprietary methods was also discussed. Could
OSHA approve such tables in the first place, not knowing how they
were derived and what ~he 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 Idthout objection by OSHA. Funhermore, tables are derived- in
commercial diving using proprietary foroulas and are put into com­
mercial service without testing. Again, this practice has met with
OSHA approval. ' Jolr. 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, b~t

rather the reputation and record of the individual preparing the
decompression schedules. Thus, NIOSIl could quite properly give
approval to a set of decompression schedules, even though 'proprietary,
if they had been prepared and examined by individuals well knolin 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 to a good - better - best situation, in which
initially the present OSHA tables were "good" because they did not
produce aseptic necrosis betlieen 1963 and 1973. Now that they have
not heen able to sustain that record, it is necessary to look for
something better than the original good tables. The best table
cannot be kno,;n in advance and may not be deve loped for many, many
years.

7
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Conclusions of the Workshop Committee

Members of the committee fclt 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 new interim tables use propri­
etary T.lethods, 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, an~ their promulgation should depend
on thorough testing in the laboratory. Without a long-te~ study
to evaluate their Use, the interim tables should not be officially
promulgated.

After much discussion it was agreed that Hr-. Edel, upon receiv­
ing a contract from NIOSH, should generate the interim tables within
a 2 to 3-month period, and that the l~orkshop 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 li~lt 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 ~lr. 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 kno~n

to occur in the compressed air tunnel environment. On the basis of
these discussions, ~Ir. 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 arc 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.

8



4. The tables are to be designated for sea level use
only (which means they could be used at maxil!lUm
altitudes of only 800 to 1000 feet above sea level).

s. The temperature in the tunnel is assumed to be above
60 0 Fahrenheit.

6. 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.

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

9
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I. INTRODUCTION

This study, along with an earlier one, explores the feasibility of
producing and introducing an ·interim set of decompression tables for
caisson and tunnel workers in the U.S. "Interim" tables are being
considered as a means of reducing decompression sickness (DeS) and bone
necrosis during the period of several years which will be nee1ed 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 ost'O'onecrosis in the
range of working pressures up to around 36 psi, but recently cases of bone
necrosis have come to light which have resulted from work at pressures
greater than 36 psi (Kindwall, at al, 197 9). In both the BART job and one
in Washington state an unacceptable incidence of DeS in the working ranges
deeper than 30 psi has been seen, and unpublished studies have shown that
workers are experiencing but not reporting decompression sickness at depths
as shallow as allout 15 psi. Up to 26~ unreported bends were noted in one
study which permitted the workers to remain anonymous (Kindwall, 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 'is 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 tpat any problems began to show up.
The effectiveness 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 useli 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 to
conduct a workshop study of the feasibility of interim tables. The first
such workshop, held 1979 .Tul 23 (Shilling, 1979), is discussed in the next
section, and the second. held 19RO Feb 213-29, is the subject of this
report'.

The working group :letermined, on the basis 'of an examination of' the
proposed interim tables in the light of its collective experience, that the
tables were likely to be better than the current OSHA tables, and that
their release for interim use was feasible.
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II. SUMMARY OF ~nE FIRST WORKSHOP

The work order from NIOSH to UMS, !'Io. 79-3851 and dated 1979 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
serious classification.

2) A maximum dysbaric osteonecrosis ra te of 4% wi th 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,
researchers in development of decompression procedures and representatives
from federal agencies.

The group deal t 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 to prepare
definitive specifications for the computation of such a set of interim
tables.

These tables were to be computed by Mr. Peter Edel, who was to do this
as a subcontractor under a NIOSH ~ontract to St. LUke's Hospital,
Milwaukee. Princip" 1 Investigator on the contrac t is Dr. Eric Kindwall;
its objective is to use laboratory testing with ultrasound 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 proposed 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. Kindwall strong.lY objects
is the long time spent at relatively low pressures (under 4 psi).

No existing set of tables known to the group and in current use were
considered to be acceptable as 'l. substi tute for the OSHA hbles. 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 nevertheless felt to allow too high an incinence of
bone necrosis.

The use of saturation procedures was considered a promisi'ng prospect
for some of the larger jobs, but this would not meet the need for routine
tables.
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The central question asked of the workshop was whether it would be
possible to calculate a set of interim tables which are definitely no less
safe and which can reasonably be expected to result in less D~S and bone
necrosis than the current ones. It was 'l.greed that this was feasible. No
one felt that this was likely to result in the best possible tables, but
chances were consideretl qui te good that a set better than the OSHA tables
could be devised. It was agreed tha t it would be safe and proper to offer
tables produced in this· m~~ner for optional interim use, but that long term
evaluation would be necessary before they should be promulgated as
If official. rf I :'

The matter of evaluation or "testing" of a set of decompression tables
was discussed with regard to the proposed program. The group agt;eed some
testing was necessary, but it was pointed out that a great lllally 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". Laboratory tests which use DeS in
human subj ects as the experimental "end point" serve the important purposes
of disclosing blunders and satisfying. ethical fonalities, 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 informatfon obtainetl from tests, and their use on the longer range
proj ect was endorsed. The group agreed that the only way at the present
tillle to eval U3 te 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 subj ects to a significant but
acceptible chance of getting bone necrosis. AI though t ..sts might cause
bone necrosis it is unlikely that they might do so soon enough to be of
experimental value, and to do this intentionally would of course be
unethical. The group teels that tables which eliminate DeS will go a long
way toward complete elimination of bone necrosis.

The computational methods used by Mr. Edel are based on the widely
used Haldanian or neo-!laldanian principle, but the specific 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 expel"ience they reluctantly accepted the situation.
The gl"OUp recognizes him as one of a very few who are qualified 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 some prefer continuous; the choice is primarily opel"ational,
as it seems to 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. An oxygen
variant of the tables is to be provided. The tables lleed only be useable
at sea level. Tunnel temperature is assumed to be 600 F. From a gas
loading point of view the tables al"e 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. c

~'l;(-
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The workshop adjourned with the understanding 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 wbuld endorse them for use.
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III. REPORT OF 7HS SECOND WORKSHOP

page 5

This meeting was convened to review and dis,cuss the decompression
tables produced by Peter Edel following the ~irst meeting. It was
rec.uested by Purchase Order '30-2452 , which had the same specifications as
the first (above) except that a fourth was added:

"If necess'lry, make recom:nendations
interim tables to meet specifications

A. Autodec G-3 tables

for modifications
1) through 3)."

of the

Using the Autodec computer program proprietary to Sea-Space Research
Com-pany. Inc.. and mod ifying it as necessary to meet the specifications
determined at the first meeting, Mr. Edel produced thzoee sets of
decompression tables. These azoe designated G-3A for the air tables, G-3B
for those using oxygen, ~nd G-3C for the saturation decompzoession profile.
They are found in the appendiX to this report, along with some descriptive
information about assumptions userl in computing them and instructions for
their use.

Shortly before the m-E:'eting these tables were sent to participants in
the second workshop.

B. Participants

Dr. Albert R. Behnke, Peter Edel, R.W. Hamilton, Ph.D.,' Dr. Eric .P.
Kindwsll, Jos,eph LaRocco, Alan H. Purdy, Ph.D., and Dr. C.W. Shilling were
~resent at the first meeting and were also at the second. Also at the
second meeting were:

Lorin K. Lorig,
STRAAM Engineers, Inc.
Lexington Building
11900 Parklawn Drive
Rockville, MD 20g52

Allan "Ike" Martin
OSHA, U.S. Department of Labor
Washington, DC 20210

Richard Vann, Ph.D.
F.G. Hall Laboratory
Duke University Medical Center
Durham, NC 27710

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

The discussion showed. that this group were, dedicated, experienced
professionals who sincerely wish to reduce the incirlence of decompression
siclaless and dysbaric osteonecrosis in caisson and tunnel wozokers to as
close Jo zero as possible without making tunnel construction physically and
economically unfeasible.
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It is relevant to point out that the working group includes four
people who engage in decompression work as their primary professional
acUvity, and others who are concerned wi th 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 unreal istie fro"!! the start to expec t a group 0 f this
sort to agree on more than a fraction of the questions it may consider on
this subject. The group, however, did agree that it is difficult to judge
the merit of ~ new decompression procedure, and impossible to do it in a
really quantitative way without actual field use.

It is reasonable to expect the groups opinion to· say whether the G-3A
tables appear to be better than the OSHA 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 professional workers, all of whom are long
time friends, openly must critique the j{ork of a colleague (and
competitor). This is awkward at best, but is made even more difficult by
the fact that the critics 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 mi~ht like to.

C. Need for improvement

This and subsequent sections report the deliberations of the working
group in the 2-day workshop. A draft report of the meetin/i; ci.rculated on
1980 May 30 elicited comments from some members of the group, but most of
these comments deal t 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 separgtely 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 a reminder by Dr. Shilling
objectives, that the group was to 1etermine if the new interim
good enough to be used until new ones can be developed.

about
tables

its
were

Next Dr. Kindw"lll reviewed some specific cases of bone necrosis from
his report (Kindwall, 1973), which '3.dd further support to the premise on
which the project is based. He reporte1 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 43 psig. The incidence of bone
necrosis in this group was 33~. One portentious aspect of his findings was
tha t several of the cases had had clean x- rays several years 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 n.ecrosis found is in workers exposed at this pressure or higher.
Consistent with earlier experience, no correlation was found between
specific locations of bends and necrosis, and bends (DCS) do not seem to be
a precursor of bone involvement. o· (' i .

c.



- C6?-
Tnterim decompression tables for tunnel ~orkers, 1960 Aug page 7

The group reaffirmed their earlier conclusion that improvements are
need ed in the tables requi red by OSHA. They further acknowledged that
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 DeS 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 publishing
interim procedures in its Intelligence Bulletin as a !!latter of public
information with probable benefit.

New tables could be used with a variance, and OSHA can invite
applications 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 time 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 deeper 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 initial rate of
ascent at 34 psig, while the G-)A calls for the initial ascent to 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 computed (or should have been computed).
One suggestion was that a 15 minute compartment be added to the 30, 60 'and
120 minutes used by Duffner, in order to slo.... the initial ascent. (It is
likely that Autodec uses a shorter first compartment half time than 15
minutes, but this was not brought out at the time.)

Dr. Kindwall had expressed earlier his feeling that the current
tables, especially the shorter shifts, spend too much time at low
pressures -- say between 4 psig and the surface. This might b~ correc ted
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 felt in general that the G-3A tables
spend 9. good portion of the decompression time at the shallower stops
("like treatment tables").

Dr. Hamil ton suggested by mail that the sleep stops be inclllded only
in shifts requiring a total time of work plus decompression 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 is 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 generally but not completely correlated with successful decompression.
~"+;Q QAVA 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 time 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.

A1 though the group in the first meeting agreed that these tab1e~

should operate with stops rather than a series of continuous
decompressions, there was some support for the latter method. The
possibility of offering both methods .as suggested.

There was general /;Igreement that there would likely be sUbse~ue·nt

changes in the tables originally issued as "interim."

E. Oxygen, saturation, and the split shift

Dr. Behnke· advocated use of oxygen to speed decompression and to
provide more working time in an 3-hour shift. The group agreed that oxygen
breathing would allow for a faster decompression and hence a longer work
period within /;In eight hour day. They unanimously endorsed its use as a
means of improving decompression safety. Mr. Lorig feels that oxygen might
be feasible and we1:1 accepted because of the big time saving (about 50'1:).
The long air decompressions in one way are a negative safety factor,
because the shorter shifts cause '1lore 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 shift. The split shift allows the workers to
return to surface pressure for a lunch break, then finish the work day .ith
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 lIery long. There is nothin,g
fundamentally wrong with the split shift concept, but there is limited
documented experience in its use; it has to be managed so 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, but it
remains an attractive option.

The group agreed that the G-3B tables meet the need for oxygen tables,
a1 though it was aknow1edged 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 enD of 9-bout !~OO was recommended
for daily work (this is a measure of oxygen exposure and should be taken
into /;Iccount i.n the table computation). It was suggested that oxygen
breathing is more effective at pressures above 15 psig (but below toxicity
limits), and frequent ..ir breaks were recommended by some pI;lrticip9.nts.
Also, ..ppropriate fire safety rules need to be developed and implemented if
oxygen breathing is to be used.



Dr. Behnke presented his views on the use of the habi ta t or NOAA OPS
concept, an appro'3.ch 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 go to work. For the range of pressures
used or contemplated in tunnel work they cou11 perform long shifts; this
could be carried out for a 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 pleased with the appearance of
saturation profile, but not much time was spent discussing
anything, it was felt to be a bit too conservative.

F. Testing

the
it.

G-3C
If

Dr. Behnke felt the G-3 tables should be tested before being used. In
response to this Dr. Vann pointed out that hundreds of identical tests
would be required to establish with confidence that a given profile met the
requirements for less than 1% DCS. Dr. Hamil ton made the point that the
val ue of "testing" of decompression tables was misunderstood by most
people. A few labor~tory decompressions will disclose if there has been a
catastrophic blunder in the computstions, but the number of tests required
to establish an "incidence" with proper statistical confidence is
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 a
job. This is an important point, and in effect can answer the need for
testing of the interim tables. If this is done then any use nf 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 nUl1lber scaftered 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 tests in establishing inci~ence. The testing reco~ended at the
meeting called for 10 subjects 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 tests (as proposed at the
meeting) would normally be expected to show perhaps 7 or S cases of DeS.
(He did not cite this expected incidence at the meeting.) He advocates 100
clean exposures before issue. He offers twg options to the G-3A tables.
First is a means of making the appropriate corrections to the Blackpool
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tables, the other is a modification of the OSHA tables in the directions
discussed at the meeting. His proposed changes look quite reasonable, but
he did not cite a quantitative r'ltionale for them. rErUtor'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 tables that
are close to being satisfactory may be a better means of improving
decompression than starting over. From the discussion and opinions
offered, it is likely that had Autodec produced tables looking like
Behnlke's modifications the acceptance would have been far more
enthusiastic. J

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 based on
experience to begin with, Autodec' s results have been compared to tables
from other sources. Thus the use in the field of an Autodec table by no
means consti tu tes decompression with an "untested" table. Such might be
the case if a new model or theory were. used, but for a system based
entirely on past experience and with a proven low level of incidence in
other applications, controlled 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 cOllllllents about testing apply to cases in which, the end point is
decompressio'n sickness. Other te~hniques are available, and Dr. Kindwall
plans to use some of these i~ 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 as mandatory. (Dr. Hamilton warned against the use
of terms like final or permanent, since a decompression table may never be
perfec t, and. even if it were it would take years of use to establish that
fact.) The testing Dr. Kindwsll plans to use was reviewed at the first
workshop; it consists of using nitrogen washout and ultrasonic imaging of
bubbles to establish objective criteria as to the effectiveness of the
decompressions, and to use these factors as well as any incidences of DeS
to determine the relative effectiveness of the various tables. It was
suggested that a1 ti tude provocation be considered as a technique; this
allows the results of different tables to be compared with higher
sensitivity and less risk.
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," "ECOMMENDATIONS

The Undersea Med ical Society Tunnel Decompression Working Group makes
,~e following recommendations as a result of it'S deliberations in two
..;~kshops :

1. We concur that the current OSHA tables for tunnel and caisson
.ork need improvement. As far as we know there are no decompression tables
:~ current use which are acceptable for this type of work and which have a
SJi tably low incidence of decompression sickness and dysbaric
osteonecrosis.

2. We acknowledge that field use of prOVisional tables 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 record, and that results of early use
are monitored and results red back. We'see an effective mechanism for this
in the variance process required by OSHA for use of interim tables, coupled
with the ongoing developnent program of Dr. Kindwall's contract, and we
encourage that a feedback arrangement be implemented. We presume that this
plan is consistent with continued, ongoing improvements.

;. We assessed the G-3A air decompression tables produced by Mr.
Peter Edel in relation to the current OSHA tables. As a 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-3A
t!lbles in general use can be expected to result in less decompression
sickness and bone necrosis than the current OSHA tables.

4. The group, with the possible exception of Dr. Behnke, acknowledges
the feasibility of issuing of the G-'lA tables on an interim basis, along
wi th a laboratory program for spot checks of the specific profiles
applicable to jobs to be performed with the interim tables. We recommend
the G-; tables as a starting point for a long term program to replace the
current OSHA tables.

5. We feel that certain improvements might make the G-;A tables even
more 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 used in the OSHA 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.

c. The program should' be adjusted so that tables
decompression times substantially shorter (e.g., by more
10~) than the OSHA tables are brought in line with
~stablished times until the safety of the shorter times has
demonstrated.

with
than
the

been
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6. We endorse the release of the G-3B tables using oxygen as interim
tables. Modifications recommended ,for the G-3A tables can be applied to
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.

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

8. We recommend that NIOSH reCJ.uest 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 tunneling or caisson construction is a successful technique

that has been used since about 1840 for mining and other underground projects

throughout the world. It has also been used for constructing tunnels and bridge

foundations. However, most workers having had no previous practiaa1 experience

with it are unclear about its uses in tunneling.

The principle behind the use of compressed air in tunneling is quite straight-

forward. Whenever a tunnel 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 excavation ~11 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

to mine at the face. Increasing the air pressure within an enclosed tunnel will

force water out of the soil in the tunnel's inunediate area thereby "drying" the

face with an inVisible wall of pressurized air and a110~ng the muck to be mined

and shoveled into the muck carts. Also, 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, aseptic necrosis of the bone or "bone rot"

has not caused a problem. However, decompression sickness or "the bends" could

conceivably occur in a small percentage of tunnelers even at lower pressures. For

this reason, special 'attention has been paid to the decompression schedules which

you will use, and all decompressions will be carried out in strict accordance with
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the latest recommendations of the National Institute of Occupational Safety and

Health and the Occupational Safety and Health Administration.

Your company, in close cooperation with the above mentioned agencies and

~ith sQecialized hYQerbaric medical consultants, has carefully examined all as-·

peets 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 analysis, however, the safety record for any construction project

ultimately is your own responsibility. By 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· safety.,

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

oil is flammable and should a fire start in the closed en-

vironment of the tunnel, it could cause extensive damage

and a shutdown of the job which would lay you off work.

Also, 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 STRIC~Y PROHIBITED

FROM BEING TAKEN INTO THE TUNNEL OR DECOMPRESSION LOCK.

2. Do not bring thermos bottles in your lunch box unless you
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loosen the cork during compression. If you do not do this,

the cork will be forced deep into the thermos bottle. During

compression, the cork must also be loosened so that the bottle

does not explode. Very fragile glass thermos bottles might

implode when pressure is applied, even if the cork is loose.

When the airlock door has been closed and pressure is applied,

you will notice 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 unless you

"clear 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

onaximum 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~ 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. If
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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 equali~ed and no

pain occurs. Should you e~erience pain during compression,

notify the foreman immediately so that compression can be

stopped until you have managed to clear your ears. Some-

times reducing the pressure a couple of pounds will allow

the ears to clear and then pressure may be safely applied

again to reach the pressure in the heading. Trying to

force the ear wh~n it will not equalize or trying to

"tough it out" may result in a broken eardrum. During~-

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.

4. Should you experience buzzing in your ears, ringing in your

ears, or deafness following de~Dmpression which persists for

more than a few hours, you must report to the compressed air

physician for evaluation. Under extremely severe but rare

conditions, a portion of the middle ear structure other than

the eardrum may be affected if you have had a great deal of

difficulty clearing your ears and in that case this must be

.. I (" \ (') ....
. ' '-- \
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surgically corrected within two or three days to avoid

permanent difficulty.

5. 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. If 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,

a "sinus squeeze" caused by compression will cause you to spit

out blood which comes from the back of your nose. This occasion­

ally is not even associated with much pain and is of no serious

cOBsequence.

6. If you have trouble equalizing your ears or 8inuses, it is some­

times helpful to take decongestant~tabletsor 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 to suggest other means to take care

of this problem.
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7. 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
If

your ears or sinuses.

8. 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 repair it. Unfilled teeth even with bad cavities in them rarely

if ever, present problems.

9. False teeth and contact lenses as well as regular glasses, can be

worn with perfect safety in the compressed air environment.

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

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

must be exercised before and during decompression. If the victim

has a broken rib which has punctured the lung, air can leak out

of the lung and collapse the good 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 should only be decompressed under his super-

vision.

11. 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 ~og will disappear as soon
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as the pressure stops changing when you reach the surface.

12. It is very important that you breathe normally during decom-

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

cause the air must freely exchange in and out of your lungs to

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

will overexpand and theoretically Qould rupture with the possi-

bility that air could be forced into 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 of the body,

or one pupil may appear to be qigger 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.

13. Because compressed air is used on this job, an employee 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 decompression schedule posted on the inside

of the combination lock. Also, everytime an e~ployee enters or
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leaves the comQressed 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 air can leak into a "water resistant" watch'and then

during decompression when the air inside the watch expands, the

crystal will pop 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 develoQ

signs or symptoms of decompression sickness, early treatment will

greatly shorten treatment times and reduce your discomfort. Also,

it is imQortant that all cases of decompression sickness be reported

so that the safety and efficacy of the decompression tables can be

continuously 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-

stand it.

Date: Signed:

Name: (Print) _



APPENDIX XV

Sonic Tissu(" Imaging of Fixed Bubbles

r:TRASGKIC DETECTION OF STATIONARY

BUBBLES IN ASTIIPTOMATIC HL'MANS *
Eric P. Kindwall, M.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 Development for Cardioimaging

Diasonics 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 MacKay2 in 1963'and later put into successful prac­
tice by MacKay and Rubissow3 . These studies were done for the
~ost 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 symptoms i~ human beings.

Methods

After discussion with co-investigator Melton, a specialist
in ultrasonics, the ADR ultrasonic tissue imager operating at a
frequency of 5 mHz was selected. The ultrasonic scanner was
connected to a strip chare recorder using a signal processor
which had as its function to cake the video signal as it was
delivered to the CRT screen and integrate the changes in the
1~~ge ele~ents 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 ntlull,p.· of image
eleT:lencs contained in scans of the selected tissue~ Ol" \;hether
there would be an increase in the strength of image ~l~~ents

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

: ~ i, .-,
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contained in scans of the selected tissues. Depending on which
hypothesis was true, a suitable integrator had to be built.
Initially, the integrator was constructed to detect an increase
in the number of image elements contained 1n the scan.

Transponder placement

The placement of the scan head was the next problem to solve.
~otion of the subjects which would displace the scan head even
slightly during the course of an experiment could severely aleer
the readings. We did studies ~ vitro wieh 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
1n nonviable meat. Therefore, ~e turned our attention to as­
sessing various methods of placing the scan head on the human.
The Oxford group (Daniels et al)l had previously used the ADR
machine strapping the scan head to the antero-medial thigh but
we found this method too unstable to generate reproducible data.
We tried applying the transducer directly to 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 pos­
sible blanking out of the electronics by bubbles appearing with­
in the first centimeter.

Experiments were also carried out using a water bath coupling
in which the arm was immersed but this proved too tiring to the
subject even 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 previously treated at thia facility and discov­
ered that the vast majority suffered symptoms in 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 tolerable over
long periods to the subject. 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 pressure
was lo~ as we felt that excessive contact pressure might prevent
bubble formstion during decompression in the underlying tissues.

Integrator

After the posi~1on1ng of ~he transducer seemed adequate. we
still got mixed results and turned our attention once again to
the integrator. Two new integrator designs were made for true
integrating bubble ~ounters. One design utilized integration
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 hold was
not needed. The latter design worked better. The sample and
hold devices were not capable of holding the integrated image
elements of values with sufficient stability whereas the slowly
relaxing integrator operated with the requisite stability (hold­
ing time of 1 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.
tn a critical experiment, one of our laboratory staff members
volunteered to be decompressed after a four hour exposure at
16.3M (54 ft.), directly to the surface. He was 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 IBM (60 ft.) and placed on oxygen. He
suffered no overt symptoms and the safety of this" experiment was
based on previous work of one 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
sis tested negative.

FrequencY

At thst time we noted that the original work carried out by
MacKay in 1963 used 7.5 mHz. ~ben we had originally purchased
the &OR 5 ~z scanner, we were told by the company that the 7.5
mHz scanner head would soon become available a However, after the
equipment had been delivered the company cancelled plans to
market a 7.5 MHz transponder. Therefore, after 8 months experi­
mentation with the 5 MHz apparatus, we chose to go to"a higher
frequency of ultrasound so that backscatter from small bubbles in
tissues could be increased above the level of backscatter due to
mechanical discontinuities normally present in the tissues. Con­
sequently, further exper~ents were carried out with other equip­
ment at 7.5 and 15 mHz. However. these experiments failed to
yield consistant results. By July of 1982, we had concluded that
ultrasonic" tissue imaging 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 bubbles were to be
detected in muscle, the frequencY had to be greater than approxi­
mately 16 MHz for bubbles of approximately 5 mHz diameter. This
calculation was consistent with our findings to that time with
decompression bubbles .f!!.~.

Threshold

During the summer of 1982 Dr. Helton continued working 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 backscat~er~~ as well
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as cardiac muscle backscatter in vitro, it was determined that
backscatter from muscle is of the~r of 10 times larger than
backscatter from isolated bubbles of less than 5 microns. By
September of 1982 it became clear that we had set our threshold
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, 4 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
-50 db (normalized to a perfect reflector) whereas the measured
average backscatter for isolated 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 backscateer from isolated bubbles of 2-5 Jl. m
diameter waS estimated to be between -70 db and -80 db.

These results indicated to us·that ultrasonic detection of
small, isolated bubbles in vivo within soft issues cannot be
readily perceived in B-~n-Images because of the inherent ultra­
sonic speckle.. The basic difficulty that this raises is that the
spatial pattern depicted in a B-scan is not congruent with the
spatial pattern of fundamental acoustic properties of the object.
The detected rf envelo~e takes on a Rayleigh distribution for
scatterers. Thus bubbles could not be seen on the CRT screen
but they could be detected electronically. Final modifications
were made to the integrator.

ADll
SCANNER

Fig.1 Circuit diagram of electronics.
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In October of 1982. we set the baseline for the most sensitive
setting and on October 29th. the first test was made. Since we
had not ~ad time to establish a formal baseline. we presumed that
the drift we saw (1n 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 recorder print was indeed due to bubbles.

Seven human suojects were exposed ~o pressures from the equiv­
alent of 11 meters to 50 meters of seawater for periods which
ranged from 20 minutes to 5.5 hours. Twelve experimental trials
were made from ~~ich satisfactory recordings could be obtained.
With the ultrasonic transducer (Without the waeer-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 15 to 30 minutes
before decompression began. .

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

RESUl.TS

Below are representative graphs showing bubble formation
during decompression and the suppression of bubbles with recom­
pression.
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Bubbles were uniformly recorded on decompressions from all pres­
.ures tested when the exposure time had been greater than one
hour. Bubbles could not be detected in short half-time tissues
after shoreer exposures even following dives eo 50 meeers.

We now feel that we ~~. demonstrate bubbles a~pearing ~ed1­

ately as decampression 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 isobaric­
ally at depths of 24.2H (gO ft.) and SOM (165 ft.). On neither
occasion did we detect bubbles following the isobaric shift to

. helium from air. However. as 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. !he present drawbacks
or limitations aTe seveTal: 1. tt'ansduc.er 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 dislodging 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
develo?ment of decompression tables .
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