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The Experi men tal Di ving Unit is essenti al ly an
Eng ineering— m edical organization unde r the co ryiizance of the
Bureau of Ships , and manned by pers onnel from the Bureau of
Nav i qation and the Bureau of Madicine and Surge ry .

Dur i ng the past 13 years sys temati c tes t and research
projects have cente red mainly in submarine oroblems dealing
essenti ally wi th deep sea diving and the effects on personnel
of abnorma l ba rometr i c p ressures.

IA
From the medical point of view the Expe ri mental Diving

Un it serves to make the individual more canable of handling the
mac hi ne by bri nging into fie~d p ract i ce the advance d ideas and
me thods develo oed i n the laboratory .

The feature that distinaui shes the Exoericienta l Diving
Un it from other test and research organizati ons is the oresence of
a aroup of inte l l igent , courageo rs and rugged divers ~-,ho serve as
subjects to make possi b le immedi ate ap pli cat i on o f flC\ - ! procedures
for the benefi t of the whole Naval Service .

For these men there is no distincti on between ordinary
endeavor and endeavor bey ond the o rdinary cal l of dut~ , TYD ical
of the group are C. F. Pu~~, E.M. lc .,  J. E. Duncan , C.T .M. ,  who
made the rubber hel mets and Dou g las ba ns , H. H. Frye , C.S .F . ,
-Tho adaote d the venturi aspi rator for the reci rcul ation of
oxy gen , F. L. Westbro o k , C. Ph.M., iho measured both’ nitro.~en
el iminati on at a simul ated al ti tude of 30 ,000 feet , and
L. B. Lewis , Ph.M.lc . ,  and H.H. Snide r , PhJ1.2c ., w ho ove r a
~eri od of sever a l  years carried out the essenti al nh’ is ioloc~i ca l
~rocedures .

/\ .  R. BEUNKE ,
Lieutenant (M C )  U.S .Navy .

B. ~~. FEEN , I
Lieutenan t (M C ) U.S.

T. L. W ILLMON , j
Lieutenant (MC) U.S. Navy.
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EXPER I MENTAL DIVING UNIT
NA V Y YARD , W AS H I N G T ON , D.C.

26 Decenbe r 1940 .

From : Lieutenants A . R. Behnke , B. 0. Feen and T. L. W ilim on ,
Me dical Corps , U. S. Navy .

To: The Offi ce r in Charge , Experimental Di vin q Unit ,
Navy Yard , Washington , D.C .

Subject: Preliminary report on AEROEMBOLISM and EQUIPMENT FOR j
OXYC EN INHALAT ION .

Reference : (a) Report from Behnke and W il i mon dated 11 July 1940,
enti tled “Physiolog ica l Investi gation at the
Experi mental Divin g Unit Pe rtain i n c~ to Aviati on
Medi cine ” .

(b) BuShips Ltr. S94—(3)—(4) (r;z ) of Nov. 1 , 1940,
auth ori zin g i nvesti gat i on at the Ex peri mental
Di ving Unit of e ffects on nersonnel rapid ly
decomp ressed to sim ulate d high alt itudes .

Enclosure : (A) Re7ort of Lieut .Coodr. C. A. Swanson (NC) USN -

“Decomp ression Effe c ts On Vis ion ” .

I - _ INTR ODUCTION : Two serious problems in aviat ion are ;
( 1) Ae- roembo lism or the evoluti on of çT as bubbles in the blood of
av ia tors subjeded to rapi d, hig h alt i tude ascents , and (2), Lack
of adequate fac i l i t ies for oxygen inhal ation ...

The results of tests conducted duriri q tha 7ast 8 weeks ,
al thou gh not c omplete , have been so conclusive w i th respect to
ae rcea 5 o lism as to warran t a renort at this time in th2 hone of
ai ding other invest i gators at work on the p~~blen.

~-Jith respect to oxygen inhalati on it is be lieved that the
eaui o :rent desi gned and made at this Unit for the si-rul ated al ti tude
test runs and for the measure o~ent of nitrocen elimi nation can be
ada ’ted for actual fl i gh t condi ti ons.

II - SU~~~I \R Y f~ND CONCLUSIONS:

1. ~.Deeo Sea Di ve rs deve lon bends follov inc’ ra3id ascent
to si~ ulated a lt i tudes .

2. Beids , consisting essenti ally of pains in the extre~ii-ties usually in th~ regi on of the joints , are caused b~ the
evolut ion in the blood of bu bbles consistin q of nitrocen , car b on
dioxide , wate r va~o~~~~ d oxvncn as integral parts.  In aviat ion
~‘edi ’.ioe the t-~ra “/~eroembo1i sm ” is used to desi r-i ate “bends ”.

3. F~~~ v~1 o f n i t r o~e~~d isso l ved in the body t issues h~’
t~e inna lat i  on of  o-<y~’en at the oround 1~ vel or a ~ alti tuies u~to 20 ,900 feet , e l imin ate s a l l  syrm to~s_ inc ident to sinu1at~ d hi ch

TI. _
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EXPER Ir ENTAL DIV I NG UNIT
NAVY YARD , WASHINGTON , D.C.

26 December 1940.

Subject: Pre liminary report on AEROE MBOLISM and EQUIPMENT FOR
OXYGEN INHALAT ION .

4. Men decomo ressed or “condi tioned” by oxy gen inhal ation
for the purpose of iii trogen elimination are able to ascend from the
g~~pnd level at the rate of 5 ,000 ‘feet per minute to an_ alt itud~~~~37,000 feet for a du ration of at leas t 4 hours . These men are ~~~~to be in excellen t condi ti on at the ceiling altitude and afte r
return to the ground level.

5. If the body nitro gen is replaced by helium , the peri od
of decompression or oxygen inhalation prior to hich alt i tude f l ight
is reduced by about 66 per cent ,. or from 300 minutes to 90 minutes
‘for an ascent to 37 ,000 feet at the rate of 5 ,000 feet oer minute ,
durati on at a ltitude , 4 hours .

6. Debilitating fati gue fo 1lc~ving simulate d alt i tude
exposure is regarded as a del ayed man i festation of aeroenbolism.

7. Age and physica l condi ti on appear to be the i~ r ortart
factors enabling indivi dual s to to lerate rapid ascent to high
alti tudes w ithout the de velopmen t of ae roecmbolism.

8. A tes t of physica l fi tness cons is t i ng of an ascent at
the rate of 5 ,000 feet per minute to an al ti tnch o~ 28 ,OJO feet for
a duration of 1 ha ir is outl ined.

OXY G EN INHALATION E QUIPMENT

g~ An air-ti ght closed sys tem used in the s i m ula ted  alti-
tude tests and consist ing essenti al ly of a rubber helme t , oxy gen
reservoir , motor blowe r, and carbon dioxide absorbe nt , enables men
to breathe ox~’ge n comfo rt ably for nrolonced ti me periods . W i th
this system oxycen exposures have been made for oer iods of 17 h - s .
at the groun d level.  At simulated a lti tudes ox — zen exnosure s
have been maintained for 5 hou rs at 20,000 feet and then con tinuing
at 37 ,000 feet for a pe ri od of 4 hou rs .

10. An open-ci rcui t val veless s:~stc..~ cons i~ t n g of a mas h ,
a small oxygen reservoi r, and an exh al ation tube , has 3roved to be
satis facto ry at simu l ated altitudes of 31 ,000 feet for at least 2
hours du ration .

11 . A senii —onen system consist ino of a mas k , oxygen reser-
voir , carbon di oxide absorbent , and featu rr- d Oy an a~~ i IO L : r  ~- a sed
on the venturi pr inciple for the reci rcul at ion of nes , provi des an
economica l , au tom? ltic , dnd se i f—r ins in o  fl ’e th c~I: of ~u~~3 l v i r ~ e~son —
ti al ly  pure ox ’ nnn.

-2-
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EXPER I1~ENT AL DIVING UNIT
NAVY YARD , WASHINGTON , D.C .

Subject: Pre liminary Report on AEROEMBOLISM and EQUIPMENT
FUR OXYGEN INHALAT ION .

12. These types of equinwent fab ricate d by pers onnel of
the Experimental Diving Unit out of materi al s at hand have met some
rather stri ngent requirements inci dent to our invest igat ions.
Te s ts of the applian ces at low temperatures are no- -s in nrogress.

DETJ\ILED PRELIMINARY REPORT - AEROE M BOLISM

III - INTRODUCTION: The deep sea di vers attached to the Exoeri -
nen tal Diving Unit , Photo graph 1, represent a well trained group of
men who las t yea ’ accomplished the successfu l rescue and salvage
opera ti ons inci dent to the U.S.S. SOUALUS disas ter. These men have
exoerience d bends repeatedly in diving ope rati ons emp loyin q air
or helium-oxy gen mixture s.

During the pas t year the di vers were exposed to air pressures
up to 4 atmosoheres for peri ods of 9 to 24 hou rs . Under these con-
d it i ons ben ds fol lo-.-ii n g decorroression were frequent. It w as of
interes t the re fore to subject these same men to a decreased press-
ure of 1/4 of an atmosphere or l ower , and to compare their reacti ons
-i ith thos e manifested fo l low ing exposure in the hi gh pressure
environment.

1 . Definition of Tern: Aeroembo lism is the term used in
av i ati on medicine to denote bubble forma ti on in the blood stream
in d uced by a ram i d reduct i on of barome tric p ressure .

Bend3 consti tute a clinical enti ty . The term estab-
li she d by usa ge , refers to pains in the extremi ties usual ly in
t ue a rea of the joints . The term , althouah of lay or ig i n , cannot
be conve n ien tly replace d . Ben ds may be re garde d as the most fre-
quent manifestati on of aeroertholism or comaressed air illness in
contrast 11th the incidence of asp hyxi a or paral - ts is .  Wi th refer-
ence to hi gh or b - -i pressures it will be convenient to refer to —
div a rs ’ bends or alti tude bends respectively .

~~ Decomo ressi on refers to the reducti on of nitro nen

~ressure in €h~~EöB~rt issues as a result of oxygen inhalati on or
ny barometri c oressure decrease. Since the purpose of oxycen
i n i3 lat i on nri or to an altitude ascent is nitr-i ren removal , the
te-~m decompression is preferable to nre-oxy enati on. Deconaression
c~ i a s o  be effe cted by the bre athing of helium-ox yge n mixtures.

Decom oression Embolism refers to all ~as embo lie:)ara ted by th3 d’7~duction of pressure , occurring ei ther f rom
inc mnns ed pre o~ ures to normal atmosp here or from non~al a Uro s hero
to dec~ eas e~ ~rassure s .

Altitude refers to the simulated altitude brou qh t about
b-i In :er inq the ba ro re tn c o ressu re in a cham ber.

Ra - ’ id  ~sc eri t as emn l oved in this n - ~~r me an s 5 ,P30 feet
nyr m ute .

-3- 
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2. Lhe problem. If the symp toms el ic i ted by rap id exposure
of individuals to high altitudes are due to aeroembo lism , then the
oroblem resol ves i tsel f  into the removal of gaseous nitroce n
dissol ved in the tissues of the body . We are dea ling - -s ith the
fol lowing gas pressures in the cap il lary and venous blood contri-
but i ng to b ubb le forma t i on:

Nitro gen 573 ram .
Carbon Dioxide 47 mm.
Wate r vapor 47 mm.
Oxygen 40 mm. (Var iab le)

707 mm.

As lon g as the ambient pressure is 707 rim , the respecti ve qases
wi l l remain in sol ution. At so me extern al oressur e below 707 rn .
evo luti on of gas in bubble form may be antici nated. Of the fou ’
gases it is fe asible to el i mi nate only nitro gen and this c~n We
accom p li shed in one way simply by oxy gen inhalation. The oroblem
then resol ves itsel f i nto maintainin g the n i tro gen p ressure at a
suffi ciently low leve l so that bubble formati on a - ill not be initi-
a ted i rrespe ct ive  cf the rao i di ty of ascen t.

IV - METHOD OF PROCEDURE.

The subjects were princi pal lv deep sea divers , ave rn~e
age 33 , ran ge 29 to 42 years ; average hei ght 71 inche s ; and av erar e
wei ght 184 pounds , ran ge 149 to 205 pounds . Test runs mere con-
ducted in the pressure chamber of the Exoer inental Diving Unit.
Evacuati on of the chamber -sas accom o lished by reversin- o one of the
air compressors . —

In all tes ts the rate of ascent and of descen t - U -as
maintained constant at 5 ,00-0 feet per minute.

In a typical experi ment a dive r in the s i t t inc - cs i t ion
at rest breathed 99 per cent ox~’Gen fro m the ti re that the ascent
- a s  started unti l the termi nation of the run . Pri or to an ascent - -

a oeri od of 3 minutes -:as a l lowed for - - ashinq ~ut the residual
nitrogen in the lun gs . The diver wa s then locked in and -~laced
“an his own ” unti l the te rminati on of  the run either at the end of
6 hours or earl ier if symp toms sune rvened. Glass ac rts  allow ed a
close ~-iatch to be maintain ed on the s uWie c t .

At the ce i l ing alti tude a ser ies  of re co rd incs ere -‘ode
h-i the subject in orde r to asce rtain his state of  eli be ing and his
abi l i ty to carry out assigned tasks .

The temoerature in the chamber was fai n v  const a nt at
79’) F. dry bulb , and 72° F. dry bulb. —

Since the onset of di ve rs ‘ hands ~miv he de la ’eJ aS len -i
as 12 hours fo l lowing a decom oress ion , short alti tude runs are of
no s i r : n i l i c w r c e  in the fo rmulation of a deccmpr -ass io n t :h la ,

T e t  runs were norma lly O F s ix  hours duration uith a
- - . - . - - I -1— . ‘ - I  -- m n i ’~un t1~~~ of ta;o nou r-’s at tue cei r n ~ i r e . ~~ . ~ i ~e

-~~~~~ 
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Su hj a c t :  P~~ 1 i ’-r i na ry P~a ro t  on A EP~~~BOL IS~l and EQ JI t J ’~Ei~T FOR
OXY f ~EN INHA LAT IG ;~.

con di t i ons it is ant ic iaated on the bas is of divine exoe nience
that the presence of aeroei- bo lisrn will become man i fest ‘iit ~.un these
ti me peri ods in at leas t 3 out of 4 ex posures .

Al ti tude-pressure was computed from the table for the
Uni ted States standc~;-d atmosphere . The p ressure in the cha m ber was
recorded by a U mercury manomete r, one arm opening into the chamber ,
the other rema ining open to the ambient atmosohere . In measuring
the di fference between the two col umn s of mercury in the manome ter
an d computing constant altitude , corrections we re made for vani a-
ti ons in ba rouietni c pressure .

1 . Scope of the physica l exami n ation. All obsorv ations
on the su bjects ware made before and after test exposures . Because
of the possibility of increased intracranial pressure at low baro-
metri c pressure s , the visual exami nati on was c cwr s i dered to be
expecia lly impo rtant. Lieutenant Commande r Swan son (MC) USN , con-
ducted the visual tests and his separate reoort is appended to
thi s pa per .

The oto bogi c examina t i on was made w ith particular care
since pressure trauma to the mi ddle ear is a lon g establ ished
d iv ing  ailment.

In the neurolo gical exami n ation oarticu l ar attention
was oaid to si gns indicati ve of sp ina l cord injury , i n  v i e w  of the
susceotibi lity of this tissue to injury by air emboli.

A ci rculato ry fi tness test served to evaluate t i e
effect  of exercise before and afte r ex iosur es.

A s t’~dy of b loo d gravinetrv was carried out by means
of the fal l ing drop me thod in view of the hi ch de gree of her-o con-
centrati on previ ously observed in dogs as a result of extensive
air embolism.

2. Fac i l i t ies for Oxygen Inhal ation. The second part of
tnis na:-er reourts in detai l the means orovided for oxvoen breath-
ing. The usual system employed consisted of a rubber helme t , bag
reservoi r, caniste r con taining a carbon di oxide absorbent ,
an d a motor blower to provide gas circulation. These parts formed
a closed circu it which rinsed at 30 minu ae interval to ensure a
9~ per cent oxy cen concentrati on .

The ocen ci rcuit tyoe of anoa ratus cons isted of a
mask- system without valve s featuring three-fou rths to one inch
i-uhh er tubing on the exhalati on outlet.

The photographs appende d to this report illustrate some
of t ie equLm-~ent used .

V - EX L~ I~IENTAL RESULTS.

The essenti al data are recorded in Tables 1 and 2. The
decw- ar -essi (In chart , Fi cure 1 , outl ined from these data serves as
tha basis fur the ~oll o -i i ng oresent ation .

P~-asu :roti ye tes L for Nas cent Bubbles. Fr~i div ing
i t iu inferred t~~ t ~~C I )  m d i t o  hi gh alti tudes not

a Lttmi -Je J by - ; ‘ - - atoms , i- i a’.’ an may not si -~ni fy the reneration of air

-5-
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NAVY YARD , WAS H1NGT0’~, D.C.

Subject: Preli~u iar ,’ Report on A O Et 3 O L IOM a d  Hhi PMThT
FOR OXYGEN INHALATIO N .

emboli . For it appears that considera b le quanti ti es of gas bubb les
mao exist  in the peripheral and even pulmonary cap i l lar~! beds wi th-
out inducing immediate symptoms , provided that blood suo oiy to
tissues is not seriously imp aired .

Gas in bubble form however , is eliminated slowly con-
oare d -with gas in sol ution if one considers the result s of treat-
ment of corrnressed air illness.

If the blood is comp a rative lo free from bubb les after
raaid ascent to, ‘for instance , 20,000 feet , then a fou r hour neri od
of decornoression at this or ic ie r levels iii il perH t ranid ascent
to 35,000 feet. On the othe r hand , if the blood aon~oia s an a-more-
ciab le number of bubbles at the end of four hours at 2.3,300 feet ,
ascent to 35,000 fee t may elicit symp toms indi cati ve of ae roembolis u
brouoht abou t by ranid expansion of residual or nascent bubbles .

2. Altitudes i-ttairab le With out Decono ress irn. F ure 1 ,
Column _ 1 . Up to a le v el of about 2.0,0-00 feet  rap id ascents do not
aopea r to induce aeroe nbolism since a subsequent rapid increase in
altitude to 35,000 feet i s not attended by ill effects ‘wi thin a
ne ri od of 2 hours .

Rapid ascen ts to between 20,000 and 25,000 feet , ho-i-
a - e r , have l ed us to designate this al ti tude ran ne indicated b: the
d~ttad are a on the char t , as one of ‘ si lent” buhb le fc~ - t ~ ci ,
alth ough elevati on subsequently to an al ti tude of 35 ,000 ~a et did
not elici t pai n .

The assumoti on of the eresence of bubbles is suoaorted
5’ the occasi coal debi li tating fati gue deve lovi n c a fte r retu rn to
two r-a-cnd level; also by the fact that OA Ccl irha I ~ti cc ; in th is
ran ge of altitude is less effecti ve in preventing s2-/rntcms th an is
ox-joan inhalati on at or below 2.0,000 feet , folio - -a d in each instance
5,- a sudden increase in altitu de to oreat heig h ts.

Ascen ts can be made to altitud e levels h e t - .’een 25 ,C-i -D
and 28,000 feet where men mao remain ft-- a ceriod of hour s to
reach ultimate ]:-’ an alti tude of 35,000 teat for a stay o~ 2 how - s .

Mild bends , indicated b -’ the hao v - ’ lines runn ino c ’oss-
u s-n , may anpear either bet’- - - -een 25,000 and 28,300 T ea t do rm : ~~

S ts; c-f four hours or sub seriuon t i ,’ hen the aiti to a is increa sed
to 55 ,000 feet. The svirotoms , h o-;~ .~~’, a - a r- u 1.li’ - - n -nt if suf 5icia:i t
seve rit :~ to terminate the test run.

3. Forty-f i ve_~-1inutes of Deco more ss i on at Oround Level
T h 1 l o w~d b y  Rap id i\~cen t. Fi cure 1 , Col umn 2.

Breathing oxy cen for a period of  IS fauh es at the
rr -ownd level enables individuals to reach o lt i ~udes of 2~l ,0lI) to
30,000 feet for a stay of 3 hour .; ~~d t:- acice t~ .lb,~-D fret ~ar2 ~u :- u~m .
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E X I ’ F I k I M r N T A L  D I V I N ’ S  U N I T
NA -J Y YARD , WASHIN GTO N , D . C .

S~h~~ct : P r e l j - - c i n - o r v  Reo~ rt on AEROE~-B0L ISF-1 and EQU I PI-IENT
- 

FOR OXYGEN INHALAr ION .

4. Nm ety Minutes of Decomp ress ion at Ground Leve l Fol iowed
B’i Rao id Ascent. Figure 1, Column 4.

Oxygen inha lati on at the ground leve l for a peri od of
90 minutes pe rni ts an ascent to an alti tud-a of 34,000 -feet for a
St -1 ’ of 2 1/2 hours and then to 35 ,000 feet for the du rati on of
2 hcurs .

5. One Hundred Ei ght’! Minutes of Decomo ression At Ground
Le ve l Fol 1 owed by Raci d Ascent , Fi gure I , Col ucan 5 , ‘-ii ii crev -er~tben ds duri ng a per i od of 2 hours at 37,000 feet. Bends , howe ve r , may
occur dur ing the third or fourth hou r of exposure .

6 . Three Hund red Mi nutes_ of Decomoression at Ground Level
w i ll ena b le men to rema i n alt ude of 37 ,0O~ feet for  at least
4 hou rs. Un on retu rn to the ground leve l the men should continue to
remain in good physical condition .

Co lumn 6 , Fi gure 1 , has not been com o leted at this tire
but i t  is anticipated that a peri od of 300 minutes for decompression
is am ple for an exposure of 2. hours at 40 ,030 feet. In this o re liminary
study it did not appear desirable to complicate the nicture b”
s . m: - t oms attr ibutable to anoxe mia. Ho ’-u eve r, the s ta te  of w e l l  being
at 37 ,000 feet is bette r than one would infe r fro m a twe o re t i c a l
considerat ion of al veol ar oxygen pressure .

7. The Val ue of Oxy ren Inhal ati on for the Purnose of Decom-
o,’essio n at Alt i tude s Above Sea Level. If equal orotecti on aqa inst
tha ’jevelo~rnen~~~~~aeroe mb~~~sm could be afforded by oxyg en i n h a l a -
ti on at hi gher altitudes , then the feasibility cf-nitrogen removal
is enh an ced.

The tests that we have carried out , a l thou gh l i m it ed
in nua ber , indicate that up to an altitude of about 20.003 feet
c o - -e n  inha lat ion is probably as effective in pr ono tinc decomp ress-
ion a; oxv cn n breathing at the ground level . In other ~-:ords ascentco.i be ‘- ‘ada fro:n the ground level at a rate of 5,000 feet cer
m in u te to en s alt i tude short of 20 ,000 feet in o rde r to effect
nitro-; en e l im inat io n .

So imoortant is this considerati on that the fol low ing
d at a  are gi -ic n : For a constan t rate of ascent , 5,000 feet ner
‘ i n - J t e , 300 m inutes of oxy cen inhalation at sea level rendered safe
i n a:-- wi t to 37 ,000 feet for 4 hours , 300 minutes of oxy gen inha l a-
,_ l ,

~ t ~1i eat rendr red ‘-~afe an cant t o ~7 ,0 ‘0 feet fo r
“

~ 
h-~ 

.‘- 45 m in utes of oxy gen inhalat i  on either at the around level
~ - l t i t udos un to 20 ,000 feet is eaual l y e f fec t i ve  for

d~- C ~~~~~ 2-s S i o n .

W ith resoect to the 90 minute period of oxy cen inhala-
0 , add i ~i anal tests a - -a a~ui red to de te rr -~ ne the comp a rat iv e

e fm n t iveness of decomoression at 20,000 b e t  and at sea level.
T ue altitud a of 20,000 Fc -a t an-nea rs to he a cr~ ti c a l

level ~i tn ,-en :jcct to man i rest bubbl e for;’moi o.i . It most be
i - m a  mbere d h- a - - over , tha t variati on of seve r-a l thous and feet cibove
or b~ lcj - ’  2u ,a- i i  fe ~~i ‘ - un - , ’ be e A n e c t o d , daa:nd ing :r~ca , i’i I’ -’ on e- - -~, cri d r - - .-~

j
~ nl con di tion o~ the nu n e~-~~-~a:!.
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EX PE PIi- ’ENT1~L DIV I NG UNIT
NAVY YARD , WASHIN GTON , D.C.

Sub iect: Prel iminary Reno rt on 1’EPCEN~ OLISM and Ef l h I P ’ hNF I OR
OXY GEN INHALAT IOM .

One of our di vers anpears to be carti cularl y sus ceot ib le to
bends , probably as a seouel to a di ving injury in 1933 (See SMITH ,
12/ 12/40 , Tables 1 and 2). Following a rapid as cent to 20,00-0 feet
for a 5 hou r oeri od of deco niiressio n at this leve l, he de ve loned
oain in the ri gh t knee 3 mi nutes afte r the al ti tude leve l had been
increased to 37 ,000 feet. Our only exp lanati on for th~ inef-fe c-
ti veness of this lon a ceri od of decompression is the assun’nti on that
embolism ‘was induced as a result of the steep d ish to 20,000 -feet
and that the emboli in the knee were not cooreci ably di minished j
desoite the 5 hou r ceriod of oxy gen inhalati on .

Pt an alti tude of 25 ,000 feet in contras t to the leve l
of 20,0-00 feet , decompression was not as effective as at see leve l
for corres pon dina time peri ods . Wit h refe rence to chart , Fi cu re 1
the third col umn indicates a decomn ression peri od of 45 minutes at
20,000 fee t and 45 mi nute s at 25 ,000 fee t , tota l 90 minutes . The
alt it ude reac hed howeve r, ‘-;as but s l icht lv  h igher th an the ul ti mate
al ti tude att ained follo-’iinci either the sing le 45 minute neri od of
de comp ression at 20 ,000 feet or at the sea level.  The effectiveness
of the two 45 minute pe riods soent at 20 ,000 and 26 ,000 feet resoecti -
ve ly stan ds in con tras t wi th the result obtained when oxygon was
inhaled for a neri od of 90 minute s at sea level .

From these considerati ons and the fact that no symntoms
wi th the excent .i on of late fati cue have been rec - rde d du.-b r n or
follc ’- !inq as cents to al ti tudes between 20 ,000 ~nd 25 ,000 Feet , it
see rs aopropriate to designate this alti tude ran mo as an are a of
silent bubble fo rmation , made manifest only by a sudden increase
in altitude or by the late onset of fatigue afte r return to the
around level.

8. Measurements of Ni tronen Elimi n ation at Hi oh Altitudes.
Cormoared wi th sea leve l eli roinati on , the cuan ti t~’ of ni tronan
ni van off h’.’ the body r-uhen oxy cen is breathed at 2-0 ,flfl 0 tn 0
fee t n l i it ud -O is the same w ithin li mi ts of exmo r~r~nntai erro -’- .

TABLE 3
OUA NT IT IES OF NITROGEN ELIMI NATED AT HIGH A LTITUDES CO~ PA ~1Efl

~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
N- itroqe n Elimination

____ 
cc. NTP .

~~~~~~~~~~~ 2~~~7~7F 25,000 ~~~~~~~~~~~~~~~~~ ~~~~~
‘- M n ’ c t e s  Leve l Feet Feet Feet

-

~ •50 570
51-4 544

653
04 ’  

- - 
0 5 ’

??7
‘hO 100 4 5 ’  

‘1
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EXPERIME NTAL DIVING UNIT
NAV Y YAR N , WASH INGTON , D.C.

Subject: Prelimi nary Report on AEROEMNOL1SM and EQU1P~bENT FOP
OXYGE N INHALAT ION

One mus t not conclu de how ever , from these tab u la te d
v a lue s that oxy gen i nhala tion i s equ i valent in e ffe cti veness at th e
seve ra l altitudes. While the measured quantities of nitrogen are
the sure , the cons iderati on of prime importan ce is the ph ysical
s ta te of the gas rema i ni ng in the body - that is to say whe ther
the res i dual gas i s mainly i n a state of solution or in bubble form . A

Experience in the treatment of compressed air illn e :s
indicates the slo-.-.ness wi th -wh i ch bubb les are reabsorbed in contrast
to the el im i na ti on of gas i n the dissolved sta te .

We concl u de , tentat i vel y and from i nference , there fore ,
r that the lack of effecti veness of the second 45 minute ne riod of

oxy-en inhalation , at 25,000 feet (Fi gu re 1 , col . 3), is broug ht
about by bubb le evo l uti on i n the circul ati n g b lood duri ng ascen t
from 20,000 to 25,000 feet.

9. Va lue of Helium. In diving operations helium substituted
for ni troqen does a -.-~ay wi th the stupefying e ffect as soci ated w ith
co mor ossed air ex posu re .  For dives of short durati on howeve r ,
de co mp ression t ime is not materi al ly shortened by the use of helium.

For lon g ex Posures , on the other han d , measure ments
ind icat ed that hel i urn desaturat i  on ( Fi our~ 3) would requi mi abn’nt
one -hal f of the ti r- e con~ are d w ith nitro gen reno val (Fi gure 2 ) .
~- 0- ----aove r, since he l ium compare d wi th nitro gen , is one - fourth as
soluble in fat , the inci den ce of  aeroem bol isn shoul d be greatl y
reduced , if substi tuti on of helium for nitro gen could be ‘ode .

The laboratory data showed that the nitro gen transoort
f r co t u e  body we ;  acco mn l ished equal 1’ - - :ell wi th e it her the inhala-
ti c- n of hel iur’ i-ax”~en mi xtures or w ith essent ia l ly  pure oxvae n

In o ract i ce h oweve r, we had not to date corr o let a lv
reo l n - e J  ni trc ’ :en w i t h  heliun for div ina. The fo l lo ’.~ing tests
t~- -u - - u fo re , are i-a garded as impo rtant not only for thel r no tenti al
v a l u e  in av iati o;u hut a lso  in d i v i ng  o pa ra t io r~ af ico g di: r nt i ’or u .

In u5 fi rs t t rr~ t i-un a di var b~~ ~-ha d a mixture of
04 ‘on e cent hel i ui- , 48 per ce nt oxygen , end S per cent ni trogen - 

-

f r — n  e r iod o~ 1 hours at se e leve l nre~sure . Tan k oxygen was 
-n breathed for a peri od o ~ 45 ii nuu~e~ , and an ao cent was made

t o  ]
~‘ ,‘010 fe - ‘h ’’-  a St r i , of ~ hours . 4lthou ’’h r i  1 d r a i n  devel c ’- --d

i ; i  1~ t~ l e f t  c u i l :  IL an 1 k ~‘ ‘ 2  at ru-a end -
~~ 2 h-our - , i t  ‘ecu not of

i cftn t in  t~- -  -
- ~~

- -  tn t~ rH nat e the run . (Sn u Tabl e 2 , 12/1 7/° ’ l) .
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EXPERIMENTAL DIVING U N I T
NAV Y YARD , WAS H ING1ON , D.C.

Subject : Preliminary Report on AEROE MBOLISM and EQUIPMEN T FOR
OXYGEN INHALATION .

In the second test run a dive r breathed a sri xtu re of I
7 per cent helium , 2 per cent nitrogen , and 21 per cent oxy cen
for a period of 9 hours , then 99 per cent oxygen w as breathed -For
a period of 90 minutes . An ascent was then made to a simul ate d
alt i tude of 37 ,000 feet for a stay of 4 hou rs . The dive r remained
in excel len t condi ti on through out the run and after return to the
ground level.

For rapid ascent to 37 ,000 feet the subst i tuti on of
hel ium for body nitrogen reduce d the time required for deco unci -ession
from 300 minutes to 90 minute s or less.

The conclusions drawn fro m these tests are ; ( 1 ) That the
body can be made nitrogen free by the inhal ation of hel ium-oxycen
mi x tu res for a peri od of 9 hou rs fol lowed by 90 minutes of oxyye n
inhalati on , and (2) that the time require d for hel ium dec ompression
is about one -th ird of the requisite time when the body i s in
equilibri um with atmos pheri c nitro gen .

V I - ESSENTIAL Q UANTITATIVE DATA UNDERLYING THE EXPE R1~- :ENTAL
PROCEDURE AND FORMULAIION OF THE DEC ON PPESSION CHART .

1. f lu en t ity  of ni t roqen~~~~~~ o f b y t h be~y duning oxv~en
inhalat ion_ and the gr~phic reoresentati on of decompression.  The
nitrogen el iminat ion curve , Fi gure 2 , was obta ined ci a diver 32
years old and wei g hing 154 pounds . It is typical of repeated test
data obtained at this Unit and some years ace at the Harvard Sch ool
of Public Health .

The fi rst 5 minute period of nitrogen el iminat ion
dur - i nq lung r ins ing peri od is no t recorde d. Ta ki n: the actual
quantities of nitro gen ocasure d as a guide , it is o- -:o sihi e to
ascertain accurately the percenta ge of nitrogen eli - - m ated and
t oo average reducti on of ni tro7en pressure in the bod” for gi veui
tire rneniods .

hu ring a 45 minute of oxygen inh alati on for ex er-ro le ,
about 30 per cent of the body nitro gen is e l i m in a t ed , and ~uh ‘ut
50 n-e r cent during a peri od of 90 minutes .

It is observed that nitrogen is trans ported fro m the
body -an i dlv cia ri n i  the fi rst two hours and then s low ly du ri rug -~~

success ive  hours . Afte r about 9 hou rs an endpoint is reached
-: i t.h~ n the li - i t o  of ex per imen t a l  error of 4- — 2 .5  c . c .  o r  hou i .

T i e  ni t uDnen eli minati on curve (Fi c r . 2 )  is o n exue nont i  al
c ’ ’ - a - ~- ;i th values that cauu be expressed b , the Fo: - u l a :
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EXPERI MENTAL DIV ING thIT
NAV Y YARD , WA SHI~ GTO~, D.C.

Subject:  Preliminary Report on A LR0EM BOL IS~’1 and EOU IPMnNT
FOR OXYGE N INHAL AT ION .

V = A(l  ~e~~t),

where A is the m i  tial nitroge n conten t or percent aye in the body,
V is the quantity or percentage of nitrogen elimi n ation during the
time interval t, k is the rate of chan ge in the slone of the curve; Uan d e , the na tural base of logari thms . The val ue of k for the
curve is 0.0067 where t is expressed in minutes. On the basis of
Hal done ’s con ce p t of t issue desatu rat ion , the curve represents a
t i ssue wh i ch i s app roxi mately 50 per cent desa t u rated in  90 mi nu te s ,
70 per cent de s a t u r a ted in  180 mi nu tes , and 93 per cen t desaturate d
in 300 minutes .

2 . Var i at i on in the Elim i nat i on o f Nitr o cren and the Fac tor
of Exerc ise. Sixty—fi ve per cent of the body nitro gen is eli o - i r i a tej
ra ther  uni form ly by indi viduals of the same age grouo . In fuour -e 3,
the av era ge hel i um curve obtaine d on our di vers in di ca tes a 4 ner
cent van ati on in the rate of gas el i r i nation from th~- I x~- u curv e .
Apolying this vari ation to the nitrogen curve , (fi gu re 2), fi gure
is plotted as a logari thm of percenta ge nitrogen against time . It
is observed that as body desaturati on progresses , the time van e-
ti on amon g di ffe rent i nd i vi dual s increa ses from a fe~; minutes at
the beginning to seve ral hours as the end of desaturation is anoroached.

Exerc i se p romotes a rapid removal of nit rogen duri na
the first 30 minutes. A peri od of exercise , for exam p le , suffi-
cient to increase oxygen consump tion two and one-half time s doubles
nit ro gen el imi na tion during the firs t ten minutes an d br in gs about
a 40 per cent i ncrease  du r i n g the f i rs t 30 mi nutes , compare d w i th
the resti n g state .

Wi th respect to nitrogen removal the val ue of exercise
is l i mi te d to ab out the f i rst 30 minute pen od. We do not know
w h e t h e r  or no t exe rc i se has ten s the el i m i na ti on of the sma l l  b u t
important quantity of n i t rogen dissolve d in bone marrow .

The hel i urn curve , (Fi gore 3) , gi yeS us n eval ‘j a t i  on
of  the effect of l igh t exercise for a oeniod of 40 minutes . As
wi th nitrogen we have not worked out the effect of exerc i se a fte r
the third hour. We infe r that blood flow th rou gh bone marrow , in
contrast  with muscles , m ay not be a ppreci abl y a l t e r ed by exerc ise .

3 . Th e Htrogen Slowly  El imin a ted s of Great I n- po rt iu ce .
During the fi rs t 2 hours of oxy gen inha lati on ari d exc l u s i ve  of
the fi -st 5 nuinuto:, , about 65 per cent of t ire measured bod’,’ ni troce n
is eli m inate d , w hil e durin g the 2 hour period het-.-:een 3 and 5 hou rs
only 1 5 per cen t of the bod y nitrogen is given un .
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EXPERIMENTAL DIVI NG UNIT
NAV Y YARD , WASHINGTON , D.C .

Subject: Preliminary Report on AEROEMBOLISM and EQUIPMEN T FOR
OXYGEN INHALAT ION .

We have learne d from diving tests that this small amount
of gas which requi res many hours for removal is of great import ance .
At a depth of  90 feet , for example , 10.5 hours of air deco m~ression
we re necessary following a 9 hour or probably saturation exposure .
On the other hand a 2 hour exposure bri nging about at leas t 65 ocr
cent ti ssue sa tura t ion , required a period of only 60 minutes for
decomp ression .

Li kew i se one can ma ke a contras t wi th re fe rence to the
chart , (Fi gure 1), be tween a decom p ression time of 90 minutes
ensuring safety in rap i d ascent to 34 ,000 feet and a peri od of 3 to
5 hour -i for ranid ascent to 37,000 feet , dura ti on of sta y 2 to 4
hou rs .

It is a smal l amoun t of nitro gen there fore , that give s
us a grea t deal of troub le . We believ e that this gas i s locate d
in the bones , orinci nally in the marrow , wi th its hig h fa t con tent
ac ti ng as a nit ro gen reservoi r an d th at gas emboli giving rise to
bends form in situ in the ca raillarie s and sinusoids ; or perh aps
these vascular beds act as a trap for gas bubbles disseminated from
th’~ ma neral ci m u  lation

It nay wel l be that freedom fro m bends in hi gh alti tude
ascen t may rest on the vagaries of blood ci rculati on in bone narrow.

4. Ca lcu la t ions  of Decomrr ress ion Time Based on the Quantitati ve Data.
A sy s tem of cocrou t at i on using H a l d a n e ’ s conce nt tha t
the body t i ssues are ab le to hol d ni tro nen gas in sun ers atur ation
according to sta te d ratio , w i l l  apply to the ex r e ri nenta l data. Wi th
re fe rence to doco rare ss ion of di ve rs , -re have found th at calcu lations
rr~y be of sonic value , especi all : in dete re ini n n int e :edia t e ro ints ,
bu t  o nly after - the u s- i ts of ex~osu re have been c’ te r :-ined ho i n t e l l i —
c~urt t r ial  and error.

One ma- i infe r fror the raci d char t : as in b a r e - e t r i c
nr -~sure a f fec t i ng  divers and av i a to rs , that tir hrd -’ ti~ s ’ -es
ireluo t i ng tha b lood ar - -a able to hold ga~euus n i t u - a w n  in a - ;t~’te of
super satur ati ”n . It is difficult ha-ieva r, to do t e r - d n a  a ar cc ise
rati o for the a oare it degree of s uoers a tur a t i on to le ru t eJ  by t U e
body t issues in relat ion to ambient pressure .

The rat io deri ved f r~ ’i a sin gle chan ;e of presser~- in
di’.- in n -o r- in avi at i 0 1  will not hold for a so ic’s ru~ i -ass or o’ ‘ 01 r~ s
or decomp ressi ons . It is necessa ry to dcc t e a s e  the m i  ti ~ l r a t i o
ci H 2~~ for an ~ncr~’ase in e x p o s u r e  t ime or fcr an iru creo r~ in di ~- i n r
dopth , and conve rse l y for al ti to de a-stru t -
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EX P E R I M E N T AL D I V I N G  U N I T  —
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Subject: Preliminary Report on AEROEMBOLISM and EQUIPMENT FOR
OXYGEN INHALATION .

It may well be that bubbles form as soon as a state of
suoersaturat i on is initiated and th at what appears to be a rati o of
saturation tolerance is in reality an index of the degree of
embolism that the body can tolerate . j

This distincti on will save con fusion and render more
usefu l a concept orornulgate d by a master physiologist. What is
imp or tant clin i cal ly is that there are shar p ly dema rcated l i mi ts —

of perha ps 5 feet in di ving depth or about a thousand feet in
al ti tude ascen t separating injury from a state of well being.

I-f buhble formation is initiated in blood fl owing
throu gh per iphe ral ca pi l laries , the follo- -iina gas pressure s at 760
torn, enumerated on page 4, enter in to the calcul ations ;

Nitrocen 573
Ca rbon Di oxide 47
Wa ter 47
Oxy gen 40 (Variable)

707

If im~ue di ate ascen t to 20,000 feet does not in du u e the
bubble state , the rati o of gas pressure in venous blood to ::r:b i ent
pressure may for a short tine se 707/349.1 or approximate ly 2 to 1

The tine reQui red for decomoression with oxygen ani or to
an ascent to 30,000 fee .. then may be comnuted in the fol lc- ting manner ;

At 30 ,000 fee t the barometric pressure is 225 .6 mm .

If the total pressure of gases in venous blood can safely
be doubled a value of 451 mm. (2 x 225.6 on) is obtained .

Be fore rapi d ascent can be made to 30,000 fee t , the total
ys oressure in venous bloo d must be reduced from 707 mm. ~o 451 rim . ,
a re~ uct iofl of 2~3 mm .

O f the tota l gases it is feasible onl y to remove n it ro gen .
In other wo rds the nitrogen pressure in the body must be reduced
2ffr  mm. If the initial nitrogen pressure is 573 me . at sea level ,
the body must lose 256/573 or 45 per cent of its nitro gen . From 

ni t rogen eli inat io n  curve . (Fi nery 2). 45 per cent des rt:u ra-
tion require ; 63 minutes , or the de comp ress i on ti me requir e d for
l i i i -  C d l  I te asca lit to 30 , ,g~g feet.

-13-



‘—~~ -“~~~~~Zrt-=~ — - -

E X P E R I M E N T A L  D I V I N G  U N I T
NAVY YARD , WASHINGT ON , D.C.

Subject: Preliminary Report on AEROE NBOLIS M and EQUIP~- -3~-1T FOR
OXYGEN INHALAT ION .

Example 2. Calcu lation of desaturation time prior to
an ascent to 35,000 feet;

At 35 ,000 feet , barorretric pressure  178.7 mm.

2 x 178.7 = 357.4 mm. , upper limi t tolerance
based on 2 to 1 gas pressure ratio.

707 - 357 = 350 mm. = requ i red p ressure decrease in body .

350/573 = 61 per cen t, or percentage of N2 elimination
requi red to reduce pressure to 350 mm .

Fr om Ni trogen curve , 61 per cent desa tura tion  r eau i res
105 minutes . Time required for oxy gen inhalati on pri or to m mcdi —
ate ascent to 35 ,000 feet is 105 minutes .

For ascents above 35 ,000 feet howe ve r, the 2 to 1 ratio
doe s not hol d . At 37 ,000 feet , the altitude test runs indicated that
3 hours of oxy mn inhal ation was necessa ry for a s tay of 2 hou rs and
for a stay of 4 hours , a pe r iod  of 5 hours of ox ygen inhal at i on was
required. To conform with the com putations enu nc ia ted  above , the
tolerance ra t io  mus t be reduced f ror~r 2 to 1 to 1 .6 to 1 for the
2 hour exposure and again to 1.2 to 1 for the 4 hour exeosure .

V I I  - SYMPTO ~A TOLOG Y

1. A re W e Deal i~ LW i th “Bends ’? The Symotoms El i ci ted~~y
Rap i d Ascent to Hi q h A ~ t i tu des C o ’ o a r  ith y~.to !rs Pesultj~~From Too P9oid As cent From Divin i Deaths. In 39 test runs recorded
in Table 1 , bends day-eloped 19 tree s , extre oc fati~~a u—e s r- :ar if~stt i  ce , and temo o ra r~,’ loss of hearin g ~-ias ranorted in roe instance
at 40,000 ~ et .

Bends , therefore , in these tests r n - resent the esserr ti 1
cl in ica l  enti ty incident to rap id asce nt to - . i - - u l d e d  h i j h
a l t i tudes.  Asph yx ia  and para lys is ,  the nore scri r’ :s man i f es ta t i o n s
of ae roershol i sni, ~ere not presen t. Noroove r wi to udacua t a decom —
pression , all symptoms except th ose at t r ibutable to equal i zat i on
of pressure in the ear were prevented and the - en remained in good
con dition .

The ques ti on may arise , are ‘ al ti tude bends ” si nil an
to u i  - , j ; i  bends ? In the fol b -do g ebb the u n-nt c-- -~- al ici t ed
o rapid u-~cent  to h i jh altitu des ar-c cc ;‘ iro d r-rl ~h ~~ , : t C ~O~
observed afte r too rap id ascent fro m d iv in g depths .

- 14-
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T /\flLE 4

SYMPTOMS EL[CITED BY RAPID CHAN GES IN BAR0~ ETRIC PRESSURE

Too Paoid Decorm ression to 
—

Too Rap id Decompression From Low Pressure Athiospheres -
Nan~ Hi gh Pr -essure Atrn~~p_heres. Present Te st Runs Tables l&2 .
Dr- ’ il lmo n Jan .—May 1939 . Debi 1itatth~~ :Oct. 18 , 194U . Debilitating

fa tigue daily seve ral hou rs :fa tigue 3 hours af ter return
fol l~~iin g rap id decompress- :to sea bevel fol l ow ing an
ion from 4 atmosp heres. :ex rosure at 23 ,000 feet for f hours .

Dr. Behnke Feb. 13 , 1 933. Unde r 4 Atmo- :Dec. 5, 1940 . 20 ,000 feet for
sphere s pressure for 4 hours;:45 rai ns ; 25,000 feet for 45
3 hours after exposure seve re :mins; 30,000 feet for 90
subs tern al irri tation , pains :mins; 37 ,000 feet for 49
in extrem i t i es , fever, sweat- :m ins. At 23 mins. at 30,000
ing, malaise. :feet and cont inuing at

:37,000 feet , pain ~n left
March 20 , 1933. 4 atmosp heres :shc -ul der , both knees. Extre -
pressure for 110 mins. 3 hrs . :iie fati qua 5 hours afte r
folbo s-iing decomp ression , sub - :return to Surface .
ste rnal irri tation , pain in
ri ght knee and ri gh t hi p. :Cct . 28, 1940. 35 ,000 feet

:fo r 240 mida s; 35 ,000 feat  fo r
Nay 15 , 1933 . 4 atmospheres :120 rnins. After 2 hou rs at
o r-assure for 120 ra ins. 1 hr. :25 ,000 feet , rain deve loned
fol low ing decompress ion :in left shoulder. At 35 ,000
throbbing pai n deltoid are a , :feet pain fel t in ri ght knee
ri jit arm . Mild substern al :acconpanicd by si ste r nel
discom fort. :distress . Comp lete relief

:afte r return to sea leve l .

Smi th 1933. Spinal cord injury, :Oct . 31 , 1940. 27,000 feet
p a i n  i n ri gh t knee ; residual :for 114 rains. Developed rai n
foo t dro p and hyneracti ve re - :in ri ght knee , pro gressive .
f lexes fol lowed by co rna lete :P.elievad at 14 ,000 feet.
recover-v .

:Dec . 12, 1940. 20,000 feet
t - - iv 10 , 1 940. 90 f-ant for 9 : fcr 300 rim s; 37 ,000 feet for ’
hou rs. 1 hou r fol l owing do- :10 rains . Pain dev-aloa e-~ i n
cn-~-pression diver deve l noed :ri -oh t knee at 37 ,000 feat ,
p ain in ri n’it knee , rel ieved : abat ed ~t. 25 ,009 feet . —

by 4 hours reccrnp ression .

Crosb y Nay 8 , 1940 . 90 f t .  for 9 :Nov . 11 , 1940 . Sur f ace Oxy-
ho- irs . 65 ra ins , fo l lowing :ren inhalati on 45 nmi ns~decomp ress ion , seve re pain in :31 ,000 feet for ill nu ns.  —
left el bo-:m , re~ r~-~s res se d. :A~ Ler hO ~il nutcr s devel oned

:-oain lef t  elbow r - a d ia t r r g  to
abate d at

P~ ri1 16 , 1940 . 90 feet -for :Dec. 6 , 1940 . ?u) ,’~00 feet fo r
6 his . 4 l O U r S  1oflu- iin~ ~~

-
~~

-- :4J r : r n s ;  30 ,000 fe~cori’iression p a i n  in  ba ’b :37  r r j n ~ . Ruin de; looad in
kn ees acc om nanie l  by f a t i n te . :le~ t kne.a at 37 ,4’l)u ir~et. .

; 
~~~~~ ~d at ?3,0h~ t -e - •L -

~
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~
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P-e-ru-s a-1 -~ f tabl-e 4 reveals that the symcp to~s r-ea ni fested
at high altitudes are the same as divers ’ ben ds , and ident i cal re g i ons
of the body are frequently affected as a result of ex oosu res in
high or low pressure atmospheres. It may be said perhaps that the
alti tude bends are mi lder; certainly recovery is more rap id. —

How ever , it should be stressed that the time facto ’ is
of great im portance. Were exposures prolonged at hiph altitudes ,
mild degrees of aeroembolism mig ht develop into severe injury mani-
fested by cerebro-spinal injury , asp hyx ia , and cortical invo lvement
as a resul t of anox’. sia. _.-1N ~

Nevertheless the rapid recovery from sympto ms freguently
brou ght about by an altitude drop of a few thousand feet is believed
to have a soun d phys i ological basis related to the composition of
the cas embo li.

A bubble of gas formed in the venous blood at atmo-
snheric pressure aporox imates in composit ion 83 per cent nitrogen ,
6 oar cent carbon dioxide , 6 per cent water vapor , and 5 per cent
oxygen. At one-fourth of an atmos phere corresponding to an - - 1 -

al ti tude of about 34 ,000 feet , the comoo sition of a nascent ~~s
bu bble will tend to approach 24 per cent carbon dioxide , 24 oar
cent wa ter , var iable percentage of oxygen , and a percenta ge of
nitroqen somewhat less than 50 per cent.

Should  a bubb le  of t h i s  com pos i t i on p ro duc e an e: b o l u s
canable of elicitin g pain , then by increasing the barometric press-
urn the ~-rater v epor ’ and carbon dioxide fract ions of the hj bh~ ’~should be rap idly d iss i pated in contrast w i th  the nit r-oeen fraction .

The bubble therefore , occurr in u in d i v i ng  ba nds , con-
t-e~ ning 83 per cent nitrogen s hould require a longer ner - iod ion
r -n- ;olution than the bubble containing ab3ut half this pe rcenta ge jof nit rogen.

The long period of time that may be requir ed for the
eli !ination of a bubble of nitrogen was observed many years ago b ,
Boycott , Damant , and Haldane in their c lass ic  invest igat ion.  Recent .

~~ -

obse rvati -! r l s of embol i in dogs and c l in ica l  experience ‘ i th co’nnress-
ed ~~r illness corroborate the older findinc is. r

2. rat-Hue an d the X-Factor Described by A rm str on i -  During
Lh n st  ei ght nears we ha ce been coqnizan ~ of a t -’ I r 0~ Ht i - v - re

16
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that merit s a g reat deal of study. It is related to ex posure in
co mar -essed air and invariably fol lows too rapid release of press-
ure , usual ly wi th  an interval of severa l hours of wel l  being.

Th i s type of fatigue , because of its relation to
exoosure in comp resse d air and because it cons titutes a fre quent
prodrom al or concom i tant symptom of pain , is regarded by us as a
manifestation of decom’aression embolism. Adequate decompression
with oxygen administration prevents the syndrome .

Fati gue s i mi lar in character to the com p ressed air a

seo uelao developed also as a result of too rap id ascent to simu-
1a ted hi gh al ti tudes. In these tests the factors of subnorma l
alv eolar oxy gen pressure , cold , vibra tion , noise , and the stra i n of
task per formance were absent .

X-- fo-ctor described by Armstron g- as an anox omi a-like
effec t of dec~d ~d~~~~dO’etr ic pressure changes , and character i zed
by a p rofoun d p hys i cal and mental de p ression is ev i den tly a chronic
t - ,’ ra of the same fatique observed in divers either released too
aa ick ly  from hith pressure atmospheres or subjected to undul y rapid
al titude ascent. -

The delayed onset of the fatigue and its cumulative
ef f e c t  ‘were pu -~z l inq until it was real ized that fo l low ing  a return
to norma l pressure , gas el i m i n a t i o n  i n t o  the b lood s tre am from
s lo w ly  desatu rat in g tissues mi ght augmen t the size of gas bubb les
to bring about a delayed ehaoiic anoxia.

In a series of daily exposures , for exa ’”o le . to a press-
un o~ 4 atmospheres , the f i r s t  exnosure may see the individu a l
ent i re ly  w el l , the second may be acco mne nied by delayed fatigue ,
‘.-;hi le the thi n - i m iu ht result n front tends; or - a chronic effect
rni --~~ develop,  char acter ized by d r o - s i n e s s , i rr i tabi l i ty, lack of
voliti o n , in~h i l i t ,’ to concentrate , an d a fee l i n g of cons tan t  ma l a i s e .

The e i r n - r i n  n Ct the uresen cy of bubbles ~r i H ; s  c lout
f a t i  pun hds no~ been dete”e i n d .  Fact n r -s considered are nos s ib le
ara ;’~ -~ ce l lular de ;t r uc t i ’ r  ‘ :i th l ibe ra t ion  of tox ic  subst enn es . and
jr  - P : d  ven ous return to toe n i ( ah t  s id e of t b-v hea r t .

Ti e bi o’ -h~ i cal  ( r aroach to th e nr- ntl-e n w ould see n to
oH-s r u grea t -~o~ l o~ e t u i l s e  e’~d ~~:Ji i-eu-i to a - ‘o rt h’.- ;hilc con-
t itu t ~on in a reoor -H hlv nh~ t i r ate fi~’ l - ~.
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3. Nature of Decompression Embolism. Bubble formation in
divers appears to be a common occurrence following deco n-oression. In
small quantit ies bubb les produce nothin g more than orur i tus usuall y - -

more intense in the lobes of the ear and over the chest and abdo me n.
If the s kin is chil led , the attendant vasoconst r ict ion and s lowed
circulation enhance the liberation of gas in bubble form .
Frequently, transient , macular abdominal rashes are o bserved .

The location and quantity of gas in bubble form governs
the symptomatology . In the lungs lar ge numbers of embol i f i ll i ng
t he ex tens i ve ca n i lla ry bed cause as phyx i a , wh ile bubbles in the
spina l cord and brain give rise to sensory and motor disturbances .
Re~arence alread y has been made to the conce pt that e”b -eli or
bubb les ar is inq in situ in the ca pi l lary  bed and s i nusoids of bone
marrow , give rise to bends. Freque ntly rapid reccr: pression may
temporarily intensify the pain of bends w hich sug ges ts that the
com press i on dacr :- - s e  in gas volu me is not imm ediat e ly co - ees - r :-sated
for by blood f lo .-; into the medullary area.

Bends , disregarding pruritus , rash , and fat igue are
ussa l  ly the f i rst  end certai nly the most common na r ~i ~es t a t ia n  of
c rb—al i s m .  If untreated , either asp hyxia , or para lys is , or both
condi t i o ns vu ,’ fo l low . Occas ional l y , asnh vxia e:- e a r a l v s i s  an-near
f i rst  and are of sudden onset. One nay cons ide r  Lha t bends serve
as a war ’ ning and in th is manner protect the central nervous system
and heart from serious injury . The fol lowing diagram ma c la r if y
the sy nato: ra to loqy of decompression embolism:

D From H o h  F4 t ique
E Pr’~ s s u r c r ,  Pr i r i  ti s BE~ DS Debi 1 i Ht~ eq F ti gue
C (to o ’ - e ss ed Mir Rash 1—4 h rs .  a f ter
C) E Il l ress~ PARA LYSIS exnc-sere .
N - (Sensor an~/P P or v- a t e ’ ) .
~ 

1) - -  

E L
S I
S~~ A c i

:
;
I: 

-- -

. .~~I Press er c 
_______ 

BENDS Debi 11 tat i nq Fati que
0 (A ero c i L ,i ,, )  1 4 k 0 rs after
N S- ,r- -n t -v ,s ~hserv  ~~~ in ox ros - o re .

cu re nt Lasts .
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The statement is frequent ly made that gas bubbles are
present in t issues. Under the cond it ions in which men ar dec’ a-
pressed in contrast w i th the procedure in some of the old;- - - experi-
ments on lower ani mals , it is doubtful if gas bubbles form extra —
vascul arly. In dogs we have observed bubbl es apparently circulating
throug h arteries and veins until blood flow wa s impe ded . In
acc ai ’~ anving lymp hatics under the same condit i ons , bubb les were not
seen.

It may be that gas in bubble form can escape from the
circulating blood and accumul ate in tendon sheaths or form in
cerebrospinal f luid , but we have not observed symptoms or seen
rcantgenolo gic evidence to subs tantiate this statement. Further
tes ts  are required to evaluate Armstrong ’ s f i n d i n g of increased
cerebros p inal flu i d pressure .

The disa pp earance of sym p toms attendan t upon ea rly
recomoression and the absence of demonstrable res i dua l  in ju ry po i n t
to ainbolic ischemi a as the underlyi ng pathogenesis of decompression injury .

V I I I
_- 

TREATMENT OF AEROE MBOLISM. The most imoortant factor
is immediate r~~~~~ression at the appearance of the f irst s ’ ’va to rs .
bi tho ut imm -cd i a te  treatment d isabi l i ty  is to be expa ct ed . C -  con
anpreciate the importance of the time factor if t issue anoxia is
acce oted as the conse quence of pain ful embolism .

Symptoms of aeroer nbolism may be expected to disap pear
before the ground level is reac hed. In severe injury , reconpression
cos-bined with oxygen inhalation may be required as in compressed air illn ess.

In the treatment of compressed air illness when there
is ann doubt as to the elimination of the nitrogen embol i , we do
not hesitate to keep men under 15 to 20 pou nds of at’eos;~her ic pa ne
o? essure for oeriods of 24 hours or longer. T r-eat rvent be orolonged
i see s ion in compressed air has saved us a good deal of grief.

IX - PRESSURE TEST FOR PHYSICAL AND ALT IT UUE FITNESS.

Jes ts for Physical F i tness tased on Ra oid Ch a~~es i n
Eu - - : :e tnic _ Pressure. In a group of divers some men -mi ll be more
susin -j tj h le to bends than others. It is d i f f ic u ’ t  on the ba s i s
c-~ — h- i s i ca l  ex ami nat ion aud cardi a— i s cu la r - e lf i  c inocv  tes ts  to
dete rm ine who are the susceptible individuals.

- i t )  -
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I
One diver , for examp le , in the group of 23 , has co ven

had bends. In appearance the immune diver is roly— noly and of
I tal ian descent. He is not the textboo t picture of the neif tot
d iver. While cardiovascular tests indicate that ue is in good
con d i t i on , these tests do not rate him above other members of the
group. In trial dives at deep dept hs and adhering to ident ical  time
per i ods for decom oression , lean , muscul ar divers , followina this
u-a n , even though they be Nordic in type , have been carried into the
recompressio n chamber for treatment.

These facts have led us to the cons i derat i on of e n
actual p ressure tes t as an i ndex of physical f i tness . Th e consi der-
a ti ons for such test fol lo w .

The rate of nitro gen rem oval i s a function of card i ac
output which i n turn is relate d to meta bo 1 ic mass or surface area .
Sri - a l l  scie - na l en species wi th a co mearat i  ve l y  1cr - so surface coca in
relat ion to body wei g ht el iminate excess nitrogen so rapidl y h-cm
their t issue -s that it is diff icult to induce air embolism in these
an irais followin g exonsure to hich pressures.

The rate of nitrogen transport in the dog , far e x a r e l e ,
is double that of man. The dog also toleratos twi ce the dron in
pressure , i.e., 4 to 1 atmospheres comoared w i th  2 to 1 a t : -v s r ,hares
for roa n.

Co ts on the basis of Ha ldane ’ s work fal l  in bet - - van
do-is and man with respect to high pressure tolerance Folloe. ’sd by an
abruet drop in n -ensure to normal.

It coac ars t s-n that t te e l i m inat ion of nv.cocs  n~i nns ; the t issues —u t hnj t  the dav~ l o o -  ar t  of mani fest ai r a bc is - _ I
danea - i s pri; - s r i  1 - op en the blooJ su nv lv  in relat ion to bo~” el rht
o Co n an ‘ rm ven s n e- c i o s  , es sen t ia l  1” n-coo e f C e c t i v e  blood C l o t
t h- -e -~- -

-;h t i ssues .  [ntt  c a r d i a C  cutout in relat ion to body - -

a~~~~0-~ ado c- acy eF c e l Ia - tona l c i rcu la t io n  wo u ld ac nor to bc the
- -vs t int factor s o re’.ent i r - ~ accu m ulat ion of air co bol i sot C ic ie nt

in nm -b ar to el icit ‘m m or fati gue.

C rem e-~nir ical  data , aqe appears to be the most in’eor ’t-
ant factor in any t -! - ;en se ec ies ~ the tolerance of ynuna ind iv id ua ls
be~c’v rp - e u t o : ’ ~hvn tha t  o~ rlicr in di vi du - ; l c . (bu-~ oo ls ’a i c~l a uc
I - u - -s i v e r , m u - , r o t  La so i i -  nortan t as phvsio l  ogi cc cue

- 20..
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The e sount of fat in the body is also a factor differ-
enti ating individuals but it is not so important a factor as age.

Facto rs w hich tend to slow or d~r~ac~— the c irculation
increase susce pt ib i l i ty  to air embolism. Diver -s engage d in test
work , for example , wi l l  ref rain from alco hol for’ several days prior J
to a d ive.  Some of the most severe injuries in the past have been
as sod a ted w i t h  noes n - i ; l  m~~ ‘-ondi t i o n br -ought about by the pre-
vi o us ingestion of alcohol . A series of easi ly controlled animal
tests would serve to eva luate  the factor of alcohol and its after
e f fec ts .

Uhil r ’ - ic cannot at this t im - c assi gn o ro o er w ei ghts to
the v ar ious facto -s that render some i nd iv idua ls  more resistant to
the development of air embolis m than others , for ou r pur po se a
pressure test for fitness , at leas t for al t i tude or de pth ex posure ,
is c; great practical importance.

Thc nressure test carried out at this Unit consists of
a’ ex nosure te v si mulated deot h of 100 feet for 30 minutes of
wE iss  3 minutes ire spent in “going to the bottc’s ’ . Return to the
S I j ” 7 1 0  e is ef fected also in a period of 3 minutes. Susceptible
i r -~ -; idua ls vei n some ma in or fati gue -fol l o ’ui nq th is prccedure .

mr , titude test has macv vd — ’ ant ag es over a pressure
t- - t - - - r i  nd ra I I —  because th~~quanti ty of qas in the body at the
sos t -of deco mpression , i .e. , alt i tude asc ent , is constant from day
o- ~ de- ~- , except for sli ght f luctuations due to barometric pressure

~caus e untowa ’- --J sy motoms d i sa poea r before the g round level i s
? in cont a c t  m. The test specificall y applicable to our aqe ciroup

dI For roan not in training consists of oxygen inhalat ion for a 3
m i - - s t e period it sea level followed by an ascent to 28 ,000 feet at
the ‘-a te of 5 ,000 feet per minute. T he duration of stay at the
c - i  inn alti r ude is one hour , but it - s . ’ be necessar y to increase
t h s  time . Des s -en t to sea level is ag ain at the rate of 5.000 feet

H r o t e .  Ind iv iche ls  \- !ho cccl  ify reco in  free from bands and
n- ow at tire ai- rusure level and fol lowi ng r e u  to osa 1ev-e l

A r - t iny of our - 1 ive r ~ on toe basis of the pr incip les un- Ie r iy inq
t hose tests i - in o ro s ros s  - This far in about ten tests , one r ’-an
to -c ol-Jos t and “oust co rnulent diver in the c~roup deve looed bends
~~~er  -~i min t s -  a~ 28,000 f e e t .

/ - i\L~ I T IG °L PNS[P fTI~ S.

Ga - in -a n-i ~~ t i P~-f w~- : no - - -- 
1 Ub so -  -

- .1 :- n - P r- C no n GO 1
i V l I ’ ~~ r r E i n  ‘f i r  it r  s a ir m l  \cl I l l  1 1

~3 - O  i’~~- ; j ~~~ ; - :  ~~- Eo  2 ) .  N i t h  the exoe 1 - tis- a of c m - C u ; ;  t rcu:- ’ - s C i c
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e f f ec ts  on the middle ear, no verif ied symptoms other than those
a tt r ib uta bl e to aero embo l ism wer e manifes ted by the divers.

1 . The Ear. Divers may be su bjected to pressure variations j
between 15 and 240 pounds per square inc h , ‘w hi le  av ia tors  are e>- - rj sed
to pressures usua lly between 15 and 3 pounds ne~ c e o - a r e  i rio - . T re se
pressure var i at i ons fre quentl y el ic i t  symoto ; ;- referable to the ear
and sinuses in both divers and aviators . )3ero-c ;titis media, for
examp le , is an entity not new in the f ield of diving but was
re-:onni zed abust 100 years ago and carefull ” descni i- ’E cr-d eval u-
at ed by Hai ler , Hager and von Schrotter in 1900. Th - na ir - ert of
hearing has not been observed in relation to this type of trauin - .

With reference to t he current tests , divers usual ly
exoerience l i t t le dif f iculty in ecua l iz ino o ressure on tv-ro~nic - em-
b-r - a nes.  It was surei -i zing therefore , to note si ‘;ns ari d s s ; -a tc- ms -of
m i d d l e  ear congestion appearing usually not immeefa te lv b e t 2~hours after ex posure to h ig h alti tudes.

The exo l- una t ion for this phonus en - an-ears to 0 a
negative pressure effect brought abou t by the aL-e ’--t ior o~ n>i~- ’~
from the middle ear soaces during sleep when vol ur: tc r- i  opening of
th- e auditory tubes is not effect ed .

inha lation of air fo l low inp r - si - s v a l  of ehe nxv ’ m; r;as-
at about the 10 ,000 foot level mi nim izes or abol sie s the ~v -‘Coms .

2. Vision. A comu reh ensive visu a l exe-~’iratior ‘e~ o~ - ; - - s : : t s d
by Lieut enant Comman der C. A . S-orson (PC ) UEG . and his nt is
ac—vended as a separate enclosure . It -;as consi -/ - - -~-o t 1n t  i s b n  or
the eye qrounds would be affected by uncom oensat ed ioc ,’eassr in
intracranial  pressu re . if it occurs .

Esse uti  ci lj, the v isu a l  f indings wo re 1:
Occ a s iona l  d i m i n u t i o n  of visual acuity is ascrib-’ to fatlc ’- s . ii’
o-ou ron , ho- - rov er - , a sma ll hemorrh a-ne was obse rve — i  i ; an a ’-ea o~ret i na l  atro nhv foll’;- -r inj an a l t i tude run. Ide v isu a l  f ie l
n/ - mi nation revealed a scotoma w hich almost com~l - t ~ l- d i s c - ea red
af ter  a pe r iod of 3 weeks.  Evaluat ion of this f i nd i ng  d~ s n d s  u rn ;
i ts recurrence in relat ion to baro metr ic pressure ohange . In view
of the normal f indings on the other subj ects , thy ret ina l i vj u in
th~ one man is re garde d tentat ively as a coincidental observat i o n .

3. Card iovascu lar Fitness was dete r~-rinH by a step -up test.
c - - -- s is t i r  of- 20 b- ut - ,’ l i f t s  on the sc-re leg to a hs ish t  of 18 inches
in a neriod of 30 seconds. The pulse rate ~as recorded a ft e r 2
~ ;-~s and t~ err the t os t ri -u s repac ted. ~en in non cnn/i ti c h a - ,

-2 2- 
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Subject:  Prelimi nary Report on AERDE MBOL ISM and EQUIPIIET-JT FOR
OXYGEN INHALATION .

u pulse rate w hich returns to the pre-exercise level w ithin two
minutes. Pulse rate va lues given in table 2 , column (0) an d colu r
(A) were recorded before and after exposure to hig h altitudes
resoectively. The use of tobacco by habitual smokers after an
abstinence period of on ly 6 hours , i.e., during oxy~er1 inha lat ion
at high a ltitude , appears to be a compl icat i o N factor br ’iag ing
abou t in some men a rise in pulse rate of as many as 20 beats
following the smoking of a sing le ci gare t te .

4. The Neuro loqical Examination , tes t in g re flexes , vibra-
to- no sense , and the abil i ty to maintain balance r’ ith the subject
s t -endin g on one foot , eyes closed , was directed especially toward
the detect ion of cord injury . Some temporary unsteadiness of legs
injured by bends was noted but sig nificant posi t ive f indings were
no t mani fest .

5. Blood_ G r a v i m ~~~y determ inations were carried out because —

of t he high de g ree o f hemoconcentra ti on associated wi th air embo-
l isr - i in dogs. The falli ng drop method of harbour cad Hami l ton was
used; plasma protein was calculated according to Weech ’s for- ucla ,
and faa cell volume was measured in the 1-lagath tube. The fo l lowing

& re lat ions were noted : ~So .G . Plasma and Per
_ _ _ _ _  

S~~~~ Whole B1o od~ Per Cent Cell Vo lume iCent pla s ma Pro te in
I. CASES WITH NO BENDS .

Increase 4 ~~ J 4--
Decrease 3 1 7  2-
No change 12 7 13-- - - -

Ii. CASES WITH BENDS.
Increase 3 I 5 - - - - - -i - - —  7
Decrease 3  -f 5 - -- - 1-- - -

No cha n - ---- --ll  - 

Al l changes fell w i th in the normal daily variat ion of
0.0033 exceot one in w hich the speci f ic  gravi ty of ~l-~soro incre ased
fm -- ; 1.0314 to 1.0351 follo wing a heiiuw-oxy-een run (See Table I),
12/ 17/ 40. A recheck in 19 hours showed a return to the initi a l
leve l .  In a con trol test d ua l i ca t i n q  a l l  ~c rd i t i sn r  excent the
a l t i t ude-oxy gen ex ruasure , no de v ia t ion  fra u norm a l was observed.

Essent i al ly then , the f i n di n gs ar e norma l and serve as
a L i c e  line for future test runs.

XI - LIMITATIONS OF T OG EXPER IMIN T S (fl OCTED pllp~~~ g THE
GH T Go L ~S 

- - -

Wi th - a ; o ran ce to the test  da t . e nr- e r Y n d  in this 
t , i t  is renoun ced tha t (1)  v- - c o  ted -i -r i lv r - x aor u re  of the

c a s e i n ’ J i v i - l s r l s  - - os t h~ mdc; (2)  the Ncr m-o r-esn inn c h r r t . ca r -ce ;
, r - 

, -j - ; i d e ou tline and that -for coinoleti on , o n e  test . runs a re

— ?  -
.
~ 

-
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necessary ; (3) that the decomoression char t based on exposur - n of
our divers is anp licable mcm l” to roa n of the same age oroun ar- N
degree of f i tness; younger men w i l l  require less decompression ,
and (4) some of our divers may be more susce pt ible to bends as a
resul t of p rev i ous tissue in jur y; Smith , for exa m ple.

XII - SIGNIFIC AN T POINTS.

So: e of the concepts present -ed have ‘;een dC/n lc’a~d from
a maze of apparently conflicting observations over a pen al of
several years . It is our hope that certain of these ideas ray be
of SOme value as a guide to reduce a large body of inference to
sub stant ia l  e ;coerimen te l facts .

With the above mentioned limi tations in mind , signifi-
cant  points or inferences from this report are :

1. Pc -r av e l of gaseous nitrogen from the tissues of the body
preve nts aeroembolism and enab les men to ascend at the
rate of 5,000 feet per minu te to a simulated al ti tude
of 37,000 feet for a stay of 4 hours .

2. Tha t the body can be rendered nitro cren free e~r ; ;lly as
w~11 at an altitude somewhere in the range of 20,000
feet as at grou nd level.

3. Tha t helium rep lacement of ni tro gen in the bod y w i l l
reduce decompression time or nre-oxyqenat ion time ha
a bou t one- th i r d .

4. Th at  nitronen rust be e l iminated from the body by decom-
pression if hich al t i tude f l ight  is csntc - -~ la tcd .

5. That the treatment of aeroe mbo l ism is immediate return to
b -ocr a l t i tudes , if disabi l i ty  is to be prevented.

5. Th at the admi nistrat i  -‘a ov - o b lo -e of cc nJ t ion inq men For
h ip h a l t i t ude  f l ioht  is considerabl y s i - - - l i f i od  if
d’scn ;-oressio n can be effected at a l t i tudes  ho Lwe-~ r IL ,000
to 20 ,00N Feet or by means o f heliu m — o , - a g - a n i ah-i let i  ons

7. Th at nu -re oxy~en inha lat ion at an a l t i t u d e  01 15. -h~ . to
20,000 feet for the purcose of decc: ore ssion m ill m eetl y
lessen the danger of oxyqen tox ic i ty  f r- n’~ re pe ated exposures .

8. That increased cerebrospinal uressure if it occurs at
hiuh -- a l t i t udes  induces no ini- - -a d i a t e s ,,,sr,toms . 

-- -- - --~~~~~~--~~~~~~~~~~~~~~~~ -- - -
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Subject: Preliminary Report on AEROE MBOLIS M and EQUIPMENT FOR
OXYGEN INHALATION .

X I J  Introduction : Over a period of years the Experimental Divin g
Un~ has developed or tested respiratory appliances for submarine - 

-esc ap e and deep sea diving . Problems conne c ted wi th this act iv i ty
have been as arduous perhaps as the proble :n of supplying aviators
with oxygen.

Of the developments , the submarine “lung ” and d recirc ulatin g
system for he lium and oxygen based on the injector’ principle have -1
been incor porated into submarine and diving practice.

During recent years it has been necessary to make physio lo g ical
mea su rements of n i trogen and helium absorption and el iminat ion
incident to experimental and practical deep sea diving. The success
of such endeavor frequently depends upon equipment or cerhaps so—c
in novation in design worked out by a clever craftsman.

At the Exper imental Diving Unit we are fortunate in having men
of unusual ab i l i ty  l ike Duncan , Frye , Westbrook and Pug h , who are
a bl e to make and as semble a pna ra tus ou t o f mater i al a t han d ,
frequently scra p parts .

Inves tigation of the problem of aeroenrbolism involved the use
of such app l ianc es devised especia l ly  for the cc a- f or tab bo and leak
proof administration of oxygen for long periods of time at normal
and abnorma l barometric pressures. The equipment, al thou gh not
elegant , has served i ts pur pose well .

Al thou gh facilities for oxygen administration in aviation,
p a r t i cularly i n Can ad a and in En g land , may be ade quate , it se emed
wo -th- -Nr ile to outline briefly the res’riration units enioboyed in
the current tests in the belief that some of the equioment or the
pri n cip les underlying i ts assemblage might be adapted for aviation.

X I I I  Close d_ C-ircuit Systems : For oxygen inhalat ion over prolonged
N’ is of time a closed circuit system is essential. In such
s ~t-a:r a bag reservoir , a carbon dioxide absorbent , either valves
a- - - -  - tor blower to provide circu lation , an d a face or head p i ece ,
are essential ; see photogra ahs 2, 3, 4. 5 and 6.

The crux of the assemblage is the contact that the individual
h- a :- - i  th the sv s te ; -i . It is extrem ely difficult to find a gas-tiqht
f-~naciece that can be worn com fortably. An ordinary mouthpiece
in -Hoe s fatigu e in about one hour; masks can be worn un to 6 hours
( Phs t r ~~-aoh 4 ) ,  but extre me discomfort  may be exner ie nc -e d over the

of the nose as a r sub t of oressur~ rcces org ma - r-ovent
1(e~:a r ~ of qas.

- 2 5 - -
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Subject: Prebi n~ nary Re port  on AEROE MNOLIS M and EQ UIPMENT [OR
OXYGEN INHALATION .

Our p roblem of securing a gas-t ight headpiec e which could be
worn comfortably for a period of at least 17 hours --; as solved w i t h
the a id of Duncan , who fabricated a ru bber helmet within a period
of several hours after he ~-ias told what was needed.

TEST RUNS MADE: Employing the unit sho rn in p ho to g ra ch 3 ,
i t has been possible to make over 50 successive nitro gen elimination
tes ts uo to 17 hours duration without leakage throuq h t he helmet.

Pre’.’ i ous test runs - i i  th masks , photogra ph 4, w ere ~re qu ent lv
unsa ti sfac tory because a leaka ge of only 10 to 20 cc . of a i r i nto
th~ system was sufficient to invalidate an experiment. The rubber
helmet made possible the results shown gra~h i ca l ly in Fi gure 2, a
17 hour test r’un in which an end point for bo dy ni tro gen w as me asured
to - .- ;ith in an error of about 5 cc. of gas per be -u - .

Th e helmet with an oval window , photograp h 5, was s a t i s f ac to ry
far the curr r-t test exoosures in which simulated altitudes of
37 ,000 feet v - r c  attained.

The helmet fitted wi th gogg les and sup plied with compressed
a i r , ~boto -aran h ~~~, ‘-:~s worn wi thout discom fort for 8 hour’s dail ”
by a worao~ n er -~a ge J in chi pp in g cemen t w i th an a i r h-an- oa r.

Ada~ t ab i l i t y_For Aviat ion:  This is largely a matter o F test
in volving trial and error. Tentative suggestions are that the
a>- -pe n reservoir , the carbon dioxide absor bent , an d the mo tor
b lo- -ier , coul d be made part of a permanent installation in aircraft.
Ce-i l aced with his own fitted helmet the aviator cuu ld ‘p lug into
th~ closed circuit for his oxygen supply. The problems to overccr :e a
rel ate to fogging of the eyepieces and to rinsin g of the system .

The advanta ’aes of the system are comfo’t. CC -CO O N- ’ , era d tha
ir~ - a l r~t ion of essentiall y pure oxygen ~-iarme d by na ccop e thro u gh
t h e  c-arbor dioxide absorbent.

A lt hou gh a i rcraf t  may he p rov id e d -.-~ th ra ssur ’e c~ L in s , i t
is not c l ea r , in view of in terna l  ta ressur a 1 imi h- tia~ of c aun t
5 neunds per square inch , how areat hein hts can be at t a ined
un l ess indivi d uals are supplied with oxygen. It does not a nc-ea r
to be feasible in view of the fire hazard and the matter of
rc o nom v ‘.-,i th reference to space and weight , to f i ll cabins -.-i ith
oxy gen.

Consideration is qiven therefore , to a s ste ti of rec i rcu lat ing
oxv -oan so-aol ‘ -‘ to i nd iv i d ial s t- ;~ ar inr~ hoods a nross u~-r cabin -- l ‘tn-c
- h~ ch i i . b t  then h-a d asie n o d for an- .- a l t i t a  H , s a - - - n-a t -- ~fl -

~~~~~
-

‘- j~ ~~ ‘ - - a i j t
~ c Y e e r oj i n q  an interna l  cebi t s - a ce - in -  a t 3 L i m P; mw-

so-j- ro inc h .

- -  --
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Subject: Preliminary Report on A ERO EMBOLIS M and EQUIPMENT FOR
OXYGEN INHALATION . - - 

XIV-OPEN CIRCUIT SYSTEMS

A system wi thout valves and therefore offer ing no resistance
to breathing, is potentially of great advantage. Dr. J. Kre isel; -an ,
a Washington physician called the senior author ’s attention to a
simr -o~e , valveless mask system that he had been us ing for about one
year. In tests conducted at this Unit , a representative alveolar
0 0 - en nercentaqe of 56 was maintained wi th an oxygen supply of
7 liters per minute. Since percentages of oxygen hig her than 55
ar e essential at hi gh alt i tudes , a modification in the system was
made by attach i ng one inch tubin g to the exhala ti on outlet .

W ith a potential rebreathin g dead space of 600 cc. created bi
the ci-d ition o~ ore inch tubing on the exhalat ion outlet , the a lveo-
lar oxygen percentage was increased from 56 to 89, oxy gen su pp ly
7 l i ters per m i nute.

Decreasing the exhalation dead space to 250 cc. by shortenin e
the outlet tubing reduced the alveolar oxygen percentage from 89
to 73.5.

Pr incioles A ppl ied to BL B~ or Other T s of Ma sk s : tie have
h- a d C i f f iculty w i t h  the earl ier types of the “BLB” aen l ianc e in
coo - -action with the regulation of oxygen flow to prevent the com-
:1-ac-a emptyina of the reservoir bag durin g insoiration. If the
ox vnen flow is too small , inspiration is prema turely inhibited by
an a - ;tv bag. If the oxygen fl ow , on the other hand , is greater
thor the mi nute volu me of resp iration , oxygen is wasted .

He-im p several BLB ” ap pl i ances ava i lable , it was a si”ole
rmtt -e r to apnl y the arinci oles outlined in a o revious paragra nh
hi - - e -e--/ ing the valve and attaching 4 feet of 3/4 inch tubing to
tb- a c.~’-a la t i -on out ir i t , see photogra ph 7. -

~ reduction in the
ber et : ;  of the exha l a t i on  -tubing to 2 1/2 feet and an increase in
d i m a c a r  to 1 inch , mi ll serve the same purpose as the longer
ten no .

Tes t Runs i n Relat ion to~~~ygen Suool ~~: A subject at rest
L-ov i nq  a respira tu ry minute volume of 10 l i ters per minute breathed
o~’ - er~ in the - a sk system. T he fo llo- - iing alveolar gas percenta ges
>‘e - o ubtai ned:

- 2 7 -  
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‘~- i i  act :  Prel i ni nary Pa - in rt an AEROPI ~-PL I ~~~~ ao : p~ I 7- ’EPTOXYU EN Ii fl [tLA ~

Oxygen Flow Alveolar
Liters Per Alveolar Carbon Resn .
Minute _~~yqen Dioxid p katr ; d- 

-

_____

10 90.3 — — 6.02 — — — 1~ C e” ifort ,~~ie .
7 86.0 - - 6.11 — - lc~ C- - - -

- -

5 75.5 - - 6.35 - - -  - 1~ Sli e r  in:r — -:~e ir.
deoH - nF - - S D i r c —

3 65.0 - - 6 .53  - - 15 So :~~ d ic ~ aj r-~ - r -

Tolerance Tests : Thirty inches of 1 i~ cr tu: ir - , n e,a ..i1uti ~c - i tlet of ‘ tlLb” mask , valves re 0 -c’! , b~ e ret aio-a 1 , ox - - ; an 1 O .~ 
•
~

liters per minute . Subjects at rest , sit t i r— ; cno oior :

Oxy gen Fl ow ,
Dura tion Liters Per A lve obo r U~ - - -~e’ .: ! C~ -L-

Subject of Test Min ute  Di:,i ;9. P- - - C - - - t .
A — — — 1 hour — - — — 3 52. 2 3
A — — — 6 h ours  - — — — 3 51.20 P’TE :

~~- - - l h o u r  - — - — 3  49.5 n nt - t .e - J  t h - t  t hy - --
B —  — — 4  hours — — — — 3  bP .36 . - .

C — — - 5 hours — — — — 3 5C .4� f-~l t -- ~~ll u t e ~Ii — — — 6 hours - — — - 3 49.0 ’. t ea t ru’~s.

S b - - fated A lt i tu de  Tests at 37 ,00b f -a:t :  T- -
~~~~ t~ Y.s .. - a —

of the ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t~~j~io5 7 . I~ a .-a
experi; ent of 2 h~-j~~ airat ~o., at 37 ,C °  fr~~t a1t ~~mude , e sub~~’ :asat in a chair an—i received ar ox ’gen suaa: - i~-~~- .- ua1 ~c h i: tic- I
vo lu me of inmir-at ion. A lveo la r  sa r” -~~es - - --~ re coo - - -

ex o er i ment o rt a ined to- aer oa obo l is ra . Tao r u l s e  ra -: . a - :  c .  o-~ .
dec reas d fr’j e 7-P at the be q i rara in e to aJ ~b e end 2 ~oursa l t i tude ex eo so re .

Th~ ad~; a a f L r- as o~ th~ s ” s te  . ( 1 )  ecocc- -~ ~- o r -~~i ~~ 
-

resi stance , (2) ra -a - -a I of r o d  For cc - . ti n-jal ad ‘
~~. 

- ,  * : -

~lr- .’ , (3) s~ - : - l i c i t v  and c ae ~~- r t .

t a b i  i i ~
-; f r;- Avi a t i a—a : ~~ ‘. - - - - he a~ 

- — a -
~~~ 

- hi s-i t is
~~ct~r £ c~ t I a r e~~n ~ i ~
a’;-.i]abl e . Resi st ance ta h -- eaath ~ en a -b’ -el J r~ t L.~*; a !n~ , m ” -~ - r  -

condit ions inc luding f r ae z i np .

On the ot her hand , a free Flu - -i of r
~i ;pe ’ . is i :- ired e a ~-rlto that of ire - or-en c i rcui t  unit. Under co nd it i nis o~ doen

i nsoi rati on some rebreathinq takes rba ce. It -a - - irs - re -ce -er . t~ -

:oa -~ r rTh rea th i nq  - - n ’  h-i a des i ra b le  f - t u ’ -e at al hi ~- ‘ io c a s i l o b  as
37 ,000 fr — c t  and it is not oL’j ec t i u r - a b le  at the ~-a.rn ~:l 

* i tiJdo s.

— Pd -  
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Su b eaL : Pr-ai inrjnarv Re—iort on AEROE MBOLISr4 and EQu IPMENT FOR
OX Y GEN INHAL ATI ON.

XV -SEMI -OPEN CIRCUIT
~-~1

As a result of Frye ’s skill and oersistance in adapting the
injector , a highly promising unit is now under test. It consists
of a cask , reservoir, and can ister for carbon dioxide absorotion .
The system (Photograph 8), is fe atured by a circulator operatin g on
the injector princip le which underlies gas circulat ion in the
he liu c-oxygen diving helmet.

Test Runs at the ground level and at simulated altitu des
cf 2’a ,C O O and 30 ,000 feet for a durat ion of 3 hours show these
au.: r i t -age s ; (1) a comfortable system supplying warm oxygen
(2 ) autom atic , that is , it req uires no regulation except the
in it ial adjustment , (3) economical in that less than hal-f of the
o~-ic en necessary in the open circuit aop l iance , is needed
( )  -ael f  rinsin g and delivering 99 per cent oxygen; oxygen
d a I i ve m~d in exce-;s of metabolic usage escapes into the atmo- -r

s oh ere . In the test runs 3 li ters of oxy gen were admitted to the
s us t e a  oer minute when the pressure in the reducing valve was
5 ~ O LV ’ i S .

Adan tab i]j~~~for Aviation: For altitude flights up to 2 to 3
han -s duration the unit approaches an Ideal assemblage . It
no - c o i ns  ho- -j ev e r , to be tested under cold condit ions as the freez-
i np -of moisture will stop gas circulation by blocking the jet-
venturi arran geraent in the aspirator.

— 2 3-
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Navy Exrje ri a-ental Div ina  Unit
Washinuton Navy Yard

The Experi -ental D iv ing  Unit is essential L: an En~dneani ng - :-ed ica l  c ’nr-cn i zat ic n
0: Pa r the cocinizance of the Bureau of  Shins , and manned b - re rsonnel fro m the Bu reau

N ;-.i ~ct i on and the Pureee ! of ~edi c i r e  and Su n— a rv .

au ri g the rest  13 -~aa rs s~ e ten e t ic  test c a d  re sea rch ~rojo~ ts hav e centered -- -~i~ L’
in SU !Y1a~ i no aroble c a deal ing essent ia l  ly ni th doe - - see di vi ng a’ -P ike effects cia
personnel of abeo rn- l haro- ic tr i  c o ress uro s .

From tb a.edi c l  point of  v i c e  the Le ri- -ental [:1 vinr L il t se x —es to . -ake the
m d i  v id ual ore ca -j ab le of handl iog the cachin e b-~ un inqin q into f ie ld ~cec t i ce t he
6dvanca d ideas end neth~ ds de-ie laced i n  th~ lab o r— t en - ’ .

The feature that distinguishes the Experi mental Divin ra Uni t f rom other test and
y-esea cch orpurl i zati ens is the oresence of a or -Q uo of  I n t e l ]  i c-c o t  • c - o u- -a- ’ - on us and
rr iar - J divers who se rve as subjects to - -ike os s ib le  i cii i o t a  :- r - i ca t i  on of nc - ;
C (oc-~~

-
~~

-j I
~~~~: to1 t a o  ha r e f i t  of the -- - h o ] e  N3VL 1 h~a : . ice .

- - -e neri tri r - i is rae d i st in c t i - j -r tr eL aan ordin c- ; -d aear - a d - - ad aa v o r I r a  - a -
tr e  ~r - t ’ n  r - -

~ c a ll ret dut y , T oi c -al of t i~ - ; r r - - j r  are L. . : .  0 - i , E .d .  ~~~~ ~i. [ .
I Duncan ,. C . L M ., wo o cede l i e  r - ub ~ y i  h ele -e tc aid i t  -~~ t ees , H. H. F r : - . C.S .F. ,

-; a ’c ada ’te ci tie e-~- ;tur i esni rr~tor for tn-i ‘ (e i  ‘~~ u u ~ ot - ~e nan , r.L. t - a :~tb ror]e ,
( Cl- i :  t . (~ f) —5 Or e -; i ~;o )
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Uncl ass i t i e d

L _:~~~:~~ 
- I

,- O t ~~L f-~ ’~ r O : ,  ~‘ i  E - O  ~- ‘

1 ,
~ ~con t .) 

-

who n-aasure d body nitro gen elimination at a simu l~ ted ~lti tud~ of 3q,000 eet , r O d
L. B. Leei is , Ph .M. lc . ,  and - H . H .  Snider , Ph .M.2c. ,  who  o~er a cr1 -c d lof se~~~-~ ~ears
carr i od out the essent ia l  physiological procedures .
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