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BUIHLRY LID HIGHLIGHTS OI FIHLL REPORT

The Predictive Studies v1 Program consisted of two related
arses of research activity, integrated in design and performance,
that were each based on an ongoing analysis of human organ oxygen
tolerance data obtained from the continuous oxygen exposures of
the prior Predictive studies v Program. The two research areas
effectively blended broad investigation of systematically varied
intermittent exposure patterns in animals with very selective
evaluation of specific exposure patterns in man.
OPTIHIILTION OP OXYGEN TOLERANCE EITEHSIOB IN LHIHLLS

In order to determine rates of recovery from different
degrees of oxygen poisoning, oxygen exposure periods of 20, so,
or 120 min were systematically alternated with e constant
normoxic interval whose durat on was also varied systematically
in different exposures. Duretions of normcxic intervals were
selected to provide the same hypsroxic:norsoxic ratios for each
of the three oxygen exposure periods. This was done to determine
whether the tox c events accumulated over a relatively long
oxygen exposure {I20 min} reversed on return to norlolie It the
ease rats as those that accumulated during shorter oxygen
exposures (so or so mini.

Intact animal responses to the selected patterns of
intermittent exposure were determined at oxygen pressures of l.5,
2.0, and a.o ara. This range of oxygen pressures allowed
coeparison of results obtained at 1.5 and 3.o its, where effects
of pulmonary oxygen toxicity were not influenced by concurrent
convulsions, with comparable data obtained at 4.0 ifs. where
there were prominent interactions between pulmonary and central
nervous system effects of oxygen toxicity.

Estsa_sI_rsss2sI1;IIsstssxssncnoisonias_durino_intsrmitisnt
gxpolurg. overall analysis of the data obtained at all three
oxygen pressures revealed I high degree of internal consistency.
Hith only a few exceptions, median survival time increased
linearly at each pressure as the duration of the normoxic
recovery interval was lengthened while holding the oxygen
exposure period constant. comparison of the slopes of the curves
for each oxygen exposure period at each pressure revealed that
recovery occurred most rapidly after the lo-min oxygen periods
and least rapidly after the 120-min periods. It also indicated
that rate of recovery for e given oxygen exposure period occurred
more rapidly at a lower oxygen pressure. although these
relationships were anticipated qualitatively. the consistency of
the data provided an unequivocal. quantitative description of the
rate of recovery under each est of experisental conditions.

1 
ritig. analysis of survival time responses to different
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lnteraittent expoeure patterns whoee oxygen and noraoxic period:
have the eeee ratio [a;g. 20:5 and ad|l5 both have a e|l ratio}
ahowed that, within li ta, eieilar reaulta were obtained at the
aaee oxyqen preeeure. hurinq intereittent expoeurea at oxygen
preeauree oi 1.0 and 2.0 Ali, thia generalization did not apply
to patterns with lid-min oxygen periode (preeunahly due to the
ooourrenoe or toxio evante that were not readily revereed during
the euheequent noreoxic revovery interval] or with 5-ein nornoxio
interval: {praeuaahly too ehort a tine tor adequate recovery}.
Operational applioation or the principle that eieilar exteneione
or oxygen tolerance oan he obtained with internittent expoaure
patterne wnoee oxygen and noraoxio periode have the aaee ratio
will provide an elpirical haeia for aeleotion or equally
effective interaittent expoeure patterna, within appropriate
lieite, to provide the shortest poeaible nornoxio interval or the
lonqeet poeeihle oxygen expoeure period.

 
pap. quantitative relationships defined in rate by empirical
ourvee that deeorihe eurvival tine exteneion by lnterlittent
oxygen exposure will not he directly applicable to Ian. However,
it a ooneidered that the analytical methode ueed to derive the
deaoriptivo ourvee from data obtained in rate will alao ha uaarul
for the analyeie of hulan data obtained in early, reveraihla
atagaa of oxygen poisoning over an appropriate range ot oxygen
preeeuree and intereittent expoeure patterne. although the
nuaher or huaan intermittent oxygen axpoourea will neoeeearily he
euch lore eelective and lieited than wae poaeihle in rate, the
volule or pathophyeioloqical information obtained from each
expoeure will he inaeneely greater. The inherently lieited
eurvival tine data will he replaced hy quantitative aeaeuraeenta
or oxygen erreote on multiple orqan ayateae and runotione. The
rat data should also provide guideline: relevant to the
datereination or option: durations for the alternating oxygen
periods and noraoxio interval: that, with appropriate
adjuetlent, ahould aid in the development or optieua patterne of
interaittent oxygen expoaure for extension of organ-epaoirio
oxygen tolerance in Ian.

EXTENSION OF OXYGEN TOLERLHCE IN HLH

 
QIIHanlHEIlQai£_£aIttrn_a§_1ifl_hIa

or the eight auhjaota who were exposed interaittently to
oxyqen at 1.0 are on the 50:15 oxyqen:noraoxio pattern, prieary
elphaeie waa placed on atatietioal analyaia and interpretation of
average data for the aix individual: who were expoeed for 11.1 to
l5.d oxygen houra (aean 13.5 houre} and developed objective
vieual and pulaonary nanireatatione or oxyqen toxicity. In
aqreeaant with the reaulta oi the previoua oontinuoua oxygen
expoeurea or Predictive Studiee V, the eye and the lung were the
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priengy targete or oxygen toxicity during intermittent oxygen
exposure at 2.0 ATA-

EIissta_sn_xiassl_Isasiis0- "ith fl" I¥=IFti=flI» the
errects or interaittent oxygen exposure at 2.0 nth on viaual
runction were qualitatively similar to the effects observed
previously in the continuous oxygen exposures or Predictive
Studies V. Visual acuity. nearpoint accomodation, and pupil
diaseter were not detectably arrectsd by interlittent oxygen
exposure at 2.0 aTh. In contrast to the previous observation or
no change during and after continuous olyflin i¥P°5Uf0 it I-U 0T0.
however, latency or the viaual evoked cortical response was
significantly increased at the and or intermittent oxygen
exposure by an average value of 5.29 milliseconds (5.1%). It is
possible that this snail. isolated change in visual evoked
cortical response was induced by fatigue rather than any specific
errsct or oxygen toxicity.

During intermittent exposure to oxygen at 2.0 LTA. as in the
previous continuous exposures, peripheral visual field area and
the elactroretinographic h-wave amplitude were the components of
viaual runction that were arfected soot consistently by oxygen
toxicity, In the six subjects who had the longest oxygen
exposures, average visual field area was significantly reduced by
11.9% at an exposure duration or 11.2 oxygen hours. It then
recovered partially to be reduced by 0.4% during the last hour of
exposure. an egual decreseht during the early post-exposure
period was not statistically significant.

Electroratinographic responses (h-wave alplitudej to three
dilrerent light intensities, with only two exceptions, were
signiricantly reduced during the last hour of oxygen exposure and
were further reduced during the early post-exposure per od.
Using an overall average of responses to all three light
intensities at each ties of measurement, b-wave amplitude tell
progressively during intermittent oxygen exposure to a decrement
of 31.0! at 13.6 oxygen hours in six subjects, compared with the
previous observation of an average decrement of 30.4% in seven
subjects at 0.4 hours or continuous exposure in Predictive
Studies v.

EIIasis_sn_nslIsns:x_srasissa_and_Isasiiss- in vvuertunitv
to tee- in sen the hypothesis that equivalent extensions or
oxygen tolerance are provided by intersittent hyperoxia patterns
whose oxygan:nornoxic periods have the sass ratio was provided by
the availability of the previous study or Hendricks et a1 [13 in
which the extension of pulmonary tolerance to oxygen exposure at
2.0 AT! on a 20:5 intermittent exposure pattern was measured in
normal nen. Pulmonary responses to the 00:15 pattern 0!
intersittent exposure in the present Predictive studies vl
Prograe were cospared with the previously observed responses to
the 20:5 pattern. and average responses tron both series or
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intarlittcnt exposures vcro conparad with rcaulta ct thc
continuoua oryqan aapcauraa or Prldictivl atudiaa v.

Iata at davalcpnant ct pulacnary onyqan poiaoninq durihq
cithar ccntinucua or intaraittcnt oxygan arpoaurc at 2-0 AT! val
aonitorad aubjactivaly at raqular intarvala by ranaatld aurvayl
or pulaonary aymptoaa. Each ayaptoa aurvay includad individual
ratinqa or cough, chaat pain, chaat tiqhtnaaa. and ahortnaaa 0!
braath an abcnnt [0], mild (1+}, acdcrata [2+}, or cavcra [3+].
cvarall avaraqa ratinca that lncludad all [our ayaptoal and all
aubjacta in aaoh group vara calculatad and plotted against
axpoaura duration tor ccntinucua and both intaraittant aapoauraa.
Raaulta ahcwod that both tho 20:5 and 60:15 pattarna of
intarnittant oayqan axpoaura dolayod tha davalopaant of pulmonary
aylptola by dagraaa that uara rcaarkably liailar given the
aubjactiva natura or tha availabla information.

ha an objactiva naaaura or tonic atracta on pulmonary
Iunction, avaraga dccrmaanta in vital capacity vara plnttad
aqainat axpcaura duration for ccntinuoua and intormittant
axpoaura. with raapact to tho curva rcr ccntinuoua axpnaura
(H-15}. both avaraqa curvaa for intarnittant axpoaura rotlactod
incrananta in pulmonary orygah tnlaranca, but tha 20:5 azpcaura
pattarn {H151 appaarad to ha aliqhtly acra affactiva than tha
50:15 pattarn {H-5}. ccmpariaon or individual raaponaaa to tha
50:15 intarmittant aapoaura pattarn vith tho avoraqa curvaa for
cnntinucua axpnaura and tha 20:5 intarlittant axpcaura ahcuad
that ratac cf dacraaaa in vital capacity for four aubjacta on tha
00:15 pattarh warn aimilar to tha avaraqa curva fcr tha 20:5
intarmittant axpoaura pattarn, whila rataa or vital capacity
dacralant tor tha cthar tun aubjacta warn clcaar tc tha avcraga
curva for ccntinucua cryqan axpcaura. Thcaa raiultl arc
cohaiatant with tha intarpratatian that aquivalant aatanaiona or
pulaonary oxyoon toloranca ara providad by both tho 00:15 and tho
30:5 intaraittant aapcaura pattarna for moat individuals, but
that an oayqan axpoaura poriod of 60 minutaa in too long for a
ainority or praauaably acra aanaitiva individuala.

mm1u 
 m

It val anticipatad that tha 30:30 intormittcnt crpooura
pattarn would artahd oxyqan tolaranca aiqniricantly bayond that
providad by tba 50:15 pattern. hocauaa it concurrantly roducad
tna toxic pcricd by half and dcublad tha tiaa allcuad for
rocovary in aach lucclaaivc cyclc. an oxpccurc duraticn cf 15.0
cuygah hcura, raquirino a total 0! 25.5 ccntinuoua boura at 2.0
aha, waa aalactad an tha maxiaum duration that oaa logistically
raaaihla. 0! tha air intarnittant anpoauraa that vcra cclplatcd
on tha 30:30 pattarn, tour vara continucd for thc planned
duration or 15.0 cayqan hcura, and tha othar I vara atappad at
13.0 houra. although iymptcll raaainad qcncrally mild in acct

-.i_



aubjocta. the tirat orpoauro wao atoppod at 13.0 oxygen hours
whan tho aubjoct appoarad to bo davoloping prominent dooreaenta
in viaual and pullonary !unction- The laot oxpoauro waa alao
otoppod at 13.0 oxygen houro when tho aubjoct bocano outroooly
anvioua in association with ohoot tigntnoaa and ahortnaaa or
breath. Ravoroiblo docroaonta in viaual and pulaonary function
woro again tho priaary ohjectivo Ianirootatlona or oaygon
poiooning.

EI:acta_cn_riaual_Iunction- lvflrlqi vllflll 1°! vilull
ovohod cortical roaponaoo, noarpoint acconacdatich. and pupil
dialotor woro ollilar boforo, during. and after intermittent
oxygen axpoaura. Except tor a ninor change from 30325 to 30330
in one oubject, viaual acuitieo woro idontical boforo, during,
and aftor orpoauro.

chanqeo in poriphoral viaual riold aroa on tho 30:30
intermittent exposure aoquonco woro loaa consistent than
pravioualy oboarvod during aithor contihuoua oupoouro or
intormittont exposure on the 00:15 oequenco. Hith roapoct to tho
control hoaaurolont at tho otart or onygon orpoauro, avarago
values were reduced by 5.5! at 0.0 oxygen hours, increased by
3.5! at 10.0 houra, roducod again by 0.4! at 13.0 houro, and
docroaaod by 5.3% at the end of oxygen expocuro. filth roopoct to
tho pro-orpoouro control valuo, avorago viaual Iiold aroa woo
incraaaad by 3.1! during tho oarly post-exposure period. Hone of
tho oboorvod ehangoa in viaual Iiold aroa woro atatiatically
significant.

hvorago changoo in tho oloctrorotinographic b-wave amplitude
on tho 30:30 aaquonca also dilrorod qualitatively and
quantitatively tron those round previously during either
continuouo or intorolttont olpoauro. Iith roapoot to tho initial
control valuo, ovorall avorago roaponaoo to all throo light
intonoitioa tor tho air Iubjocto an tho 30:30 aoquonco woro
essentially unchanged through 5.0 oxygen hours. tell abruptly to
an avaraga docraaont or 10.51 at 0.0 hours. and than racevarad
progressively to roach an average docroent of only 3.3! at the
and of tho intorlittont orpoouro. Nona of thoao ohangoo woro
statistically signiricant. However. average responses to the
intoraodlato light intanaity, which woro qualitatively similar to
tho overall average roaponaoa to all throo intensities, wore
aignilioantly roducod by 20.0! at a.o oaygon houra. Progroooivo
rocovory or b-wavo amplitude during tho second half of tho
intoraittont oxpoaura on tho 30:30 aoguanco contraatod sharply
with the concurrent progressive decrements ohaerved during both
contihuouo orygon orpoouro and ihtorlittont orpoouro on tho 50:15
aaquonco.

EIIa2Ia_2h_nu1acharr_araatoaa_and_1uncti2n- AI I=Pe=tId.
pulaonary ayaptooa dovolopod aoro alowly and woro loaa aovoro on
tho 30:30 aoquonco than for tho proviouo intarnittont oapoauroa
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on tho 60:15 sequence. average symptoa ratings at the end of
each of tho three exposure series were 1.0 at 10.3 oxygen hours
on the 30:30 seguence, 3.0 at 13.6 oxygen hours on the 60:15
sequence, and 3.1 at 0.3 hours of continuous exposure.

Average vital capacity decrements for tho six subjects
exposed intersittently on the 30:30 sequence initially were
nearly superisposed on the curve for continuous exposure to reach
an average decreaent of 6.0% at 0.0 oxygen hours, then remained
essentially constant, crossing tho curve for interlittent
exposure on the 60:15 sequence at 11.1 hours to end at an average
decresent of 6.10 at 14.3 oxygen hours. Individual changes in
vital capacity at the end of oxygen exposure varied from -0.20 to
+1.60 of the initial control value. all of the changes in vital
capacity observed from 0.0 to 14.3 oxygen hours were
statistically significant. although intermittent exposure on the
30:30 seguence allowed nearly 15 hours of oxygen breathing at 2.0
LT! Hith a relatively ssall change in vital capacity, as
predicted, the observation of vital capacity docreaents that
initially exceeded those found previously for the 60515 sequence
was not expected.

I.0i1:tu1'.etstio.a h1ss
In agreelent with results of the previous continuous oxygen

exposures at 2.0 LTA in Predictive Studios V, intermittent oxygen
exposure at 2.0 hfh on either the 60:15 or 30:30 oxyganrnorocgic
sequence had little or no effect on brain electrical activity,
auditory an vestibular function, sental performance, and
peychoeotor function. Te scat proninent toxic effects or
interaittent oxygen exposure at 2.0 its, again in agreelent with
the effects of continuous exposure, were manifested as
significant alterations in specific aspects of visual function
(retinal electrical activity and peripheral vision] and in
several indices of pulsonary function.

With respect to the 60:15 oxygen:normoxic sequence, the
30:30 sequence halved the toxic oxygen period and doubled the
noreoxio recovery interval. 0n the basis of general principloo
of oxygen tolerance extension by intermittent exposure, and in
Igrilllnt filth results of the 50:15 exposure sequence and the
ettenaive anisal studies that were completed previously under
this Program, it was anticipated that visual and pulmonary
effects of oxygen toxicity would be undetectable or small in
sagnitude throughout the 15.0 oxygen exposure hours that were
planned for the 30:30 aeguence (total exposure duration of 25.5
hours]. It was therefore suprieihg when both ERG h-wave
asplitude and vital capacity decreased initially at faster rates
than those found during the previously completed 60:15 exposure
sequence.



although the biochemical mechanisms responsible for
extension of oxygen tolerance by systematic alternation of oxygen
and normoxic exposure periods are not hnown, it is likely that
partial reversals of toxic effects during the normoxic recovery
periods play a major role. The observation that initial
decrements in Ens b-wave asplitude and vital capacity were
stabilised or partially reversed during continued intermittent
oxygen exposure on the 30:30 sequence indicates that during the
final hours of exposure the degree of recovery that occurred
during each normoxic interval must have equalled or exceeded the
cumulative toxic effects caused by the preceding oxygen period
for both visual and pulmonary manifestations of oxygen toxicity.
These apparently enhanced capacities for recovery from oxygen
poisoning were not evident during the first 0 to 10 hours of
exposure, when the degrees of visual and pulmonary oxygen
tolerance extension provided by the 60:15 exposure sequence were
overtly egual to or exceeded those provided by the 30:30
sequence.

our results appear to indicate that the 50:15 sequence
afforded greater protection of oxygen tolerance than the 30:10
sequence during the initial hours of intermittent exposure, but
eventually became overwhelmed as the exposure continued. 0n the
other hand, the 30:30 sequence was relatively ineffective
initially, but then became sufficiently effective to stabilise or
reverse earlier decrements in both visual and pulmonary function
during the final hours of intermittent exposure. It is now well
established that exposure to hyperoxia increases the rates of
production of active species that are concurrently opposed by a
variety of antioxidant defenses. at a sufficiently high oxygen
pressure andfor for a sufficiently prolonged duration of
exposure, oxidant damage to cells and tissues occurs when
antioxidant defenses are overwhelmed. Periodic interruption of
oxygen exposure by restoration of normoxia should allow
antioxidant defenses to be saihtsined or possibly even enhanced.

one possible interpretation of our results can be based on
the hypothesis that extension of oxygen tolerance by intermittent
exposure depends not only upon cyclical periods of recovery from
oxygen poisoning, but also involves the concurrent augmentation
of antioxidant defenses or sose other means of oxygen tolerance
enhancement. Previous animal studios have shown that antioxidant
defenses can be enhanced by sufficiently prolonged exposure to
toxic, sublethal levels of hyperoxia. It is possible that the
50:15 intermittent exposure pattern, by virtue of an inherently
greater level of toxicity, initiated the enhancement of
antioxidant defenses at an earlier time than the 30:30 pattern.
but was unable to sustain the level of production required for
continued protection. If the proposed hypothesis can be
confirmed, it may be possible to increase the benefits of
intermittent exposure by selecting appropriate patterns for
different parts of a prolonged exposure, or by basing the choice

ITK
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of 3 oinglo pattarn on the axpaotad duration of intoraittont
oxpoaura.

mmm¢ 
optiaiaation of oxyqan tolaranca aztanaion by intarlittant

hfporoxio axpoaura will prowidi prnninlnt and poraanent
anhancalant of Navy Iiaaion in diving oparationa, dacoapraanion
acthodo, and hyporoxyqcnation thcrapy. The rlaaarch rlaultl nrl
ralavant to both prooldurl and probability of Iucclll in :11
roraa oi Navy diving. Eztanaion or cus [visual] and pulmonary
axyqan tolaranca to incraaaad oiyqan praaauraa rliatli
specifically and critically to both oatcty and oparational
attactivanoaa in unoaraaa oparationa. an will ll to ilprovlalnt
in tharapy of gaa laaion diaaaaca. Although axtcnaion of oxygen
tolaranca by intaraittant axpolura haa blan ltudild only at root
to data. concurrent otuoiaa indicate that the adverse artlcta of
axaroila on oayqan tolaranca nay bl awoidad by prawantinq tho
hyparcapnia and aaaociatnd incrolanta in brain blood Ilow and
oxyqan doaa that occur during oxyqan braathinq at inttiaaad
alhiant prcaauroa. Validation of this working hypothaaia will
prowioa 1 bani: for oxtannion or oxyqan tolaranca during
ararciaa aa wall al at rant.

our rcaulta show that both visual and pulaonary oxygan
tolaranoo can ha axtanoad aiqnificantly at 2.0 ATA by aystaaatic
altarnation of oxyqan and noraoxic axpolura parioda. They alao
lhow claarly for tho Iirat till in man or in aniaall that oarly
toxic atlacta on tha aya and lung can ha atahilizad or ravaraad
at laaat partially durinq continuad intarnittant axpoaura with an
appropriata combination or oxygan oxpoaura and noraoxic recovery
parioda. Tha axtanta to which auch rawaraala will occur at other
oxyqan proaauraa and with othar attocto or oxygen toxicity ranain
to ha oatarainod- Elucidation or tho noohaniaaa Int ouch
raaponaaa ahould prowida inforaation that can ha widaly axploitad
in tha dawaioplant of Iora aftactiwa loan: for axtanaion of
oxygen tolarahca than thoao that ara now awailahla.



INTRODUCTION TO BODY OF FIHAL REPORT

Tho toxicity ct crygon io tho prinary {actor liaiting
arfactivonooa and oaroty in oooontially all Icrno of diving.
orygan ia tho vital rorca in oataholian, out at tho aaoa tioa it
ararta toxic orracto upon oany or tho critical lira procaaaoa it
auataina, Ivan in natural atlcapharaa, tho ccntinucuo gonoraticn
of orygon frao radicala prcducoo doatructiyo otfocto upon
anryaaa, ootahclic and aaahrana runctiona, and othar biological
prccaaaaa. Intrinoic antioxidant aochaniaoa noroally ocavonga
thaaa Iroa radicala, pravonting grcaa cunulativa danago.
Hcwavor, aa high oxygen praaauroo aro uaod in diving, in
daccoproaoicn, in troataont of doccopraooion oicknooaoa, an in
hyparharic thorapy gonorally, tho intrinoic anticaidant dofonoc
oachaniaaa aro ovarvhalood, and avidont orygon pciaoning can
davalcp. This can occur another tho high raopircd orygan
praaoura ia prcvidad aa pura orygon, aa air, or in oirturaa or
cxygan with haliua or nitrcgan aa tho inort carriar (or diluant]
gal. Thoao tonic acticna or hyparcnio auot, at autficiont
proaauro and duration or continuous oxpooura, ho conoidcrcd
capahlo or diarupting cr doatroying tho vital prccaaaao or any
human coll.

Although crygcn nuat ho conoidcrcd to have univaroally toxic
propartiaa with arracta upon oultipla chaoical raacticno, calla,
tiaauao, and crgono, tho boat rcccgnirad liliting axpraaaicna ct
cryqon pciacning in aan aro pulmonary ayaptcaa and functional
dcgradaticna, and tho central narvcua ayotaa aloctrical
diaruptiono which produco gonoralirad ccnvulaicna and
unccnacicuanaao (2,3). Thaoa overt and raadily racognirahlc
olfooto aro not to ho conaidarod indicativo cf highor
"aanaitivity" or brain cortar and lung to caygon pciaoning. Thoy
aiaply raproaant croaaly ohvioua arracta with particular hazard
in undorwator cporaticno £4}. In tho prior Pradictivo Studios V
Prograo. an intanaiva invaatigation for cthor ilpcrtant out laaa
avidant liliting foraa or oxygon pciacning wao carriod cut, and
praliainary raaulta havo boon raportod [5-B].

 .
Tho tcric choaical offacta ct high cxygan prcaauraa,
oiuultanocuoly anortad upon and inactivating pultipla
intracallular and naahrana onryoa oyataaa, incroaaa prcgraaaivaly
in dogroo [aovarity] aa duration of crygon axpcaura langthano.
rho rataa or anayoo inactivation, with ccnaaquant railura or coll
and organ function, aro Ipaadad prograaaivaly aa tho cxygan
partial praaaura or an arpcaura ia incraaaac. 1: all calla aha
onayooa vara both {al aqually aanaitivo to orygan toxicity, and
(hi axpooad at thoir locationo in tho body to tho aaoo partial
prooouroa of orygan, prodiction cf tclaranca tc ccntinucua cxygan
arpcauro would ha ralativaly oinplo. Hcwovor, oacn onryoa oyatam
hll ito own aanaitivity to oxygon poisoning, In addition, tho
aana onryna ayatao in dirrarant call roroo (brain, ratina, lung.
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hidnay} has a dirrarcnt intracallular chanical cnvironocnt and
ovon a dittaront laval or oxpoaura to oxygon {$1. Finally, tho
cnayoatic composition or calla in diffcrcnt vital organs in not
unirorl. for all thaao roaacno, tho datoctahlo conaoqnoncoo oi
callular oxygon poisoning aro grossly diffcront, runction-byn
Iunction llung, brain, oyo, nuoclo, oar, haartl- Batll of oflllt
and racovary oust also ho conaidcrod grossly dirforont, function-
by-function [1].

 -In aP1'=I
of its toxicity, oxygon at high praaauroa can ha aaroly and
offactivoly uood in diving and therapy. no with oany drugs, an
advoroo arfact or oxygon doao not hoccna dioturhing iooad ataly,
and lild offocto dioappoar whon oxygon uoo lo diacontinvod- Thl
aara parioda ror practical uaa or oxygon braathing aro not
tachnically to ho conoidarod "latant Pariodl", in Ipito of lonq
uno of thio torn. Rathor thooo aro poriodo in which tha dograa
of toxic action io ac soall that it producoo no oyaptcna or othar
aigniricant ottocto. Sinco mild otiocta davolop slowly and
dioappoar whon oxygon uoa id diacontinuod, ropaatad daily (or
aora traguantly) axpooura to acdarato hyporoxia ia practical in
diving ao wall as in thorapy. Hathar, initial oxpoauraa can ha
conoidorad to roprooont a uootul poriod of olcwly prograaoing,
aayoptcoatic changoo Iron which racovory can ho prompt and
couplato. Tho practical uoa of high oxygon praaaurao in diving
io haood upon tho inconaoguontial influancoa or oxygon during
initial paricdo or oxpooura. lxtanding thio initial pariod of
tolorahlo or inconooguontial toxicity will prowido largo
axtanaiona or diving capability.

 
gxppgpgg. Tho provicua Navy-cupportad, collahorativa Pradictiva
atudioo ? Progral woo porrornod to datarnina tho ratoo of
davclopoant and rocovary in orygan poisoning prcducad by
unintorruptod oxygon hroathing cvor aooontiolly tho lull rango of
oxygon oxposuro uacful in diving and hyporbaric therapy. This
Iultiyoar, oultidiociplinary Prograo invootigatod oaaourablo
physiologic and toxic arfccta or oxygon upon oclcctcd organ and
tiaoua runctiona at 0.2, 1.5, :.o, 2.5, and 3.0 aro or inapirad
oxygon. This Progran roprosontod tho first systalatic
invoatigotion of huaon puloonary oxygon poisoning at oxygon
prosourao groatcr than 2.0 ATA [5-B]. It roprccontcd tho only
dorinitiva invoatigation at praaauraa graatar than l.o ATA or
oxygon poisoning orlocts in othar huaan organ oystans and
tioouoo, including brain, hoart, livor, kidnoy, oholotol ouoclo,
and andccrina organs.

rhia axtanaiva invaatigaticn or apaciric organ oxygon
tolaranca, which rollcvad ovor a dacada or prior invaatigaticna
in anioala and tiaauaa to aaaura adaguacy or accpa and aaraty in
human axparioont, hao providod aaaantial guidanco for continuouo
hyparoxic axposuroa in variouo diving and tharapy situations.

Illn-
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Tho roaulto obtainod will ba or pornanont usatulnaas in dofining
tho aaxiou capability for continuous oxygon oxpoauro. This
invoatigation additionally servos aa tho rsguirod basolino ror
tho praaont Prodictivo studios vi Frogroo oophaoio on optimal
oxtonsions or huan organ oxygon toloranca through usa oi
prograaood intorruptions or oxygon oxposura cwar a uoaful ranga
or high inspirod oxygon prossuras.

fla!dan_tolarsnc_artanainn_hr_nrsoaanad_intarrvntlon_or
o:ygon_o3pouro. A hay concopt oophoairod oorly in thio
1natituto'a continuing oxygon Hosoarch Program is that, following
s toxic oxpoauro to hyporcxia, o sufficiont intorval of norooxia
will allow tor racovary and pcrnit uaarul hypcroxic oxpoauro
again ¢s.1o;. Tho duration or tho rocovory intorval raguirod
will dapond upon tho rato ct onsot, naturo, and dograo or induced
poisoning {and honco upon tho rato of roccvory]. By syatoootic
invootigation or ratas or poisoning or dirrcrant runctions or
oyotoao, at dirtaront oxygon oxpoauro prooouroo, with tracking as
practical or tho ratoo or rocovory, it should ha poosihla to
dotino is] tolorsnco of critical functions to oxygon; and [h]
optioal prcgraoo or intarnittont oxygon oxpoauro, allowing
aaxiau orroctivo uao or oxygon at various prooouroo iopcrtant to
thorapy and unoraoa oporationo.

latasa5ion_oI_aniaal_aad_hnaan_inrsatlsatlsa_s£_saxsan
§1j;|fl§]_]l1lnljgn. Although oxygon toloranco data cbtainod in
tho rat cannot to appliod guantitativoly to oan, it can providc
valuahlo guidolinoo ror tho aolocticn or intoroittont oxpoauro
pattorns to ho ovaluatad in nan. httonpta to dotorsina optisul
intaraittont oxpoauro pattarna acloly in oan would not only ba
prohibitivoly axponsiva, but it would also involvo unaccsptablo
tilk of tho occurronco or unoxpoctad forls or dogrooo cf oxygon
poisoning. Tho ultioato ohjoctivo or oxygon tolaranca oxtonsicn
in oan can bo roachod aoot orroctivaly and aaroly hy parallol
doaicn and concurront porfornanco or both aniaal an huan
invootigation, thoroby aaxiaioing tho opportunity for intogroticn
or rinaingo.
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HITHDD5

Tho Predictive Studios v: Program consisted or two related
areas or roooarch activity, integrated in design and porroraanca,
that woro each basod on an ongoing analysis or hulan organ oxygon
tcloronco data ohtoinod from tho continuous oxygon oxpcouroo or
tho prior Predictive studies v Program. The two research areas
arfactivoly blended broad investigation or ayotoaatically varied
intaroittont oxpoauro patterns in anioals with vary saloctivo
ovaluation or opociric oxpoauro patterns in son.

DPTIHIIITIQI DI DKTGEH TDLERLHCE EITEHEIDH IH lHIHlL5

In ordor to datorsino rotoa or rocovory Iron dilroront
degrees or oxygen poisoning, oxygen exposure periods or 20. so,
or l2c Iin wars ayotoaatically altornatod with a constant
norooxic interval whose duration was also varied ayotoaatically
in ditroront oxpoauroo. nurationo or norooxic intorvalo woro
ooloctod to provido tho saoo hyparoxicrnoraoxic ratios for oach
or tho throo oxygon oxpoauro porioda. This was dono‘to datoroina
whothar tho toxic ovonta accumulated ovar a relatively long
oxygon oxpoauro {l20 sin] rovarsod on roturn to norocxia at the
aasa rato as those that eccuaulated during shorter oxygon
oxpcsuros [it or IO din}.

Durationo or tho oxygon porioda and norooxic intorvalo for
intoroittont oxpoauro patterns that have been studied at 1.5,
2.o, and a.o awn aro shown in appendix Table l. Tho ooloctod
range or oxygon pressures allows coparison or results obtained
at l.5 and 2.0 ATL, whoro ortocts or pulmonary oxygon toxicity
are not inrluancod by concurrent convulsions, with comparable
data obtained at 1-D LTL, whoro thoro are prosinont intoractions
hotroon pulscnary and control nervous ayston affects or oxygon
tox city.

EIEfllHIl_§fihfllS1iflI

7dr oach intoroittont pattern, a group or 20 rota, hcuoad
individually in wira and ploxiglass cagas, was exposed in a stool
hyporbaric chamber with largo viawpcrta. chaabor concentrations
or oxygen and carbon dioxide were aonitorad continuously. During
oxygon porioda, oxygon concentration was oaintainad at so-loot.
carbon dioxide concentrations woro negligible during both oxygen
and norooxio porioda. nnbiont tonporaturo was oaintainod within
a range or 22-25 °c. High gas tlow ratas were used at the start
or oach oxygon or norooxic poriod to provide a iii change or
inspired gas within so soc.

Lilli!
Halo, apocilic pathogen-tree, charles River co rats

aaintainod on tioglor rat and ncuao diet were usod in thoso
-13-
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oxpceuros. average weights of the different exposure groups
ranged free about loo to see grass with an overall average of
about 350 grass.

QaIe2a.I2lsrsnss_lndisss_in_ths_Eat
flp;yiyg1_ti|l. Elapsed oxygen time prior to cessation of

breathing was dotoroinod by ls-hour ncnitcring of all 20 rats in
each interoittent oxygen oxpoauro. although it is recognised
that oany interacting factors dotorsino tho lethal duration of
exposure to any toxic oxygon pressure, survival tile in a
sufficiently largo animal population is an isportent ganoral
index of oxygen tolerance, as it is for other toxic substances.
ht oxygen pressures of l.5 and 2.0 awn, pulsonary oxygon
poisoning occurs in the absence of convulsions, while at 4.0 LT!
there aro prceinont intoractions botwoon pulsonary effects of
oxygen toxicity nnd the violent syspathotic activity associated
with convulsions.

cpnypilion_tilo. The elapsed oxygon tisa bofori initial
onset of saixuras is also affected by nany variables other than
inspired oxygon pressure. During continuous or intoreittsnt
oxygon exposures at s.o hTh, however, onset of convulsions is a
def nito and usually an early oanifootaticn of central nervous
systes oxygen poisoning.

flrsan_asssifls_iolsss_sf_saxssn_lslarsacs~ It is highly
desirable to aupplonont data obtained fro intact aniaals and oan
with inforsation describing the state of several confirmed or
potential organ-specific indices of oxygen tcloronco in different
degrees of oxygon poisoning. However. broad investigation of
biochasical and hiotopathologic alterations in oovoral critical
organs during both continuous and intermittent oxygen exposures
will be oxtrosol costly and will require several years to
coplate. The high cost is dotoreined prioarily by the
roguiroaont for oxtonsivo aoasurosont in aultipla tissues, at
sultiple points of exposure and recovery, and in multiple
patterns of exposure. The ro irad investigations are therefore
beyond the scope of this Prodgztivo Studies VI Prograo.

EITEHSIDM DP OIYGEH TOLERANCE II HAH

organ specific responses to two different patterns of
intorsittsnt oxygon oxpoauro at 2.0 hTh woro evaluated in son.
one pattern, which alternated 6o—ein oxygen exposure periods with
15-sin norooxic recovery intervals, was evaluated to teat the
hypothesis that equivalent extensions of oxygen tolerance are
provided by intorsittont hypercxia patterns whose oxygen:norocxic
periods have the sane ratio. h special opportunity to evaluate
the ratio principle in oan was provided by the availability of
the previous study by Hendricks et al [ll in which the extension
of pulsonary tolerance to oxygon oxpoauro at 1.0 aro on a 20:5
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interlittent exposure pattern ea: eeaeured in norlel Ien. The
eecond pattern or internittent expoeure, uhich alternated JD-
ein oxygen pericda with Io-ein norecxic intervals, was aalected
to colplelent the inloreetion obtained Iron the eozis pattern by
testing the hypothesis that prominent improvement or oxygen
tolerance exteneion in can could be obtained by reducing the
toxic period by halt and concurrently doubling the recovery
interval.

IHIIIIiI1IHI_III2IHII_EH_IHI_IH11i_QII§lDiHfiIIflI1i_ElIllID

tech experiment required I daye for the intereittent oxygen
expoaure, preceded by e day or preparation, and tolioeed by at
leeet 3 deye of poet-expoeure xeelurexente. The llplrillnt
protocol tor the 2 days or exposure is eumerized in Appendix
Figure l. Hflch or the firet day wee required tor eubjeot
preparation and pre-exposure control Ieasureeentd. The
intereittent oxygen expoeure typically beoan about ieee hour: and
continued overnight to end before noon tbe next dey._

The aequenoe or leaeurenente pertorled during the first and
leet houre of oxyqen expoeure ie lhoxn in Appendix Figure 2.
Each eeaeureent or a eubeet that vac perrorled repeatedly during
the internittent oxygen expoeure to Ionitor the oneet and
progreelion of toxic effect: is denoted by an aetoriex. The pro
end poet-expoeure eeeeureeente included e coepreheneiye
evaluation of pullnery function in addition to the paraeetere
Ieeeured during expoeure.

IDIIII1IIIHI_IIHQIHII_ED_IHI_1Q11Q_QII!lflLHHIIEI1£_El§IlIfl

The experieent protocol for the :o=1o oxyqen:nornoxic
expceure pattern at 2.0 ATL ie eunlarired in Appendix Figure 3.
liter e 5 to 5-hour period or eubjeot preparation and control
neacureeente, the intermittent oxygen exposure at 2.0 are waa
eterted It about iioo houre end continued overnight to end at
about iaoo hour: on the next day. Ln additional 5-5 hour: or
pre-expoeure control Ieaeureeente obtained on 2 previoul dayl are
not ehown on the graph. an expeaure duration or 15 oxygen hours,
requiring a total of 30 continucue houre at 2.0 LTA, nae eelected
an the laxieul duration that was loqietically teeeihle.

Colpletion or the interlittent oxygen expoeure at 2.0 ATA
wee followed at 1.0 ATA by e ? to I-hour period of poet-expoeure
eeaaureeente that extended into the early morning boura of the
next day. after a tee houre of eieep, the eubject uae awakened
et about once hour: for an additional 5-I houre or poet-expcaure
eeeeureeente, tollcwed by ehorter eeaeureeent period: on
eubeequent daye. The total period or study for each eubject on
thie protocol required 5 ccneecutive daye tor pre-expceure,
exposure, and poet-expcaure eeaeurenente, with additional daya
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rer medical evaluation of the aubject, training, and followcup
Ieaaurouenta.

The eequence of aeaaurenenta that were perforaad at the
etart and and of the internittent oxygen expoaure la ebown in
appendix Figure 4. Zach neaaurenent denoted by an aateriex waa
part of a aubaet that waa repeated at designated intervale during
expoeure to monitor the onaet and progreeeion of toxic effecte.
The Jo-ain duration of the oxygen per od made it neceaaary to
perforn loll of the Ieaaurelenta during the aubaequant norooxic
interval. The pre and poet-exposure evaluation included
ventilatory control aeaaurementa and a coopreheneive evaluation
of pulmonary function in addition to the neaaurementa abown in
appendix Figure 4.

ifliiliil

each eubject received a oonpreheneive medical evaluation
which included a medical hiatory and phyaical examination,
neurorophthalmologic evaluation, electrocardiogram, '
electroencephalogram, electroratinogran, viaual acuity and
fielda, cheat x-ray, urinalyaie, and heaatology profile.
Inform! conaent waa obtained on 1 aeparata occaaiona prior to
oxygen—exerciae expoaure at 2.fl LT1. all procedurea and
aeaeureaente were approved by the Human studiea coamittee of the
Univereity of Penneylvania.

% 
oxygen free an external liquid aource wee piped into the

chamber, huaidified, and conducted to a do-liter reaervoir bag
from which it uaa inepired by the eubject through 1.0-inch i.d.
corrugated plaatic tubing. xoraoxio gee {le.5I G; in Hg) wee
piped from an external premixed cylinder to a aecond humidifier
and reaervoir bag ayate ineide the chaaber. Tranaitiene between
oxygen and normoxic gee were accolpliehed by connectin the
ina de gae adminiatration eyetea to the appropriate reaervoir bag
and egueering the bag to flush all connecting tubing up to the
eubjeot. Relative huaidity of the inepired gae, eeaaured at flow
ratee of about 10 to so Lfllfl with a Cole—Palner Hodel 3309-60
Thermo-hygrometer, waa about Id! at chamber taaperature.

Throughout moat of the expoeure, oxygen or noraoxic gae waa
adeiniatered via a lightweight, plaotio, non-rebreathing,
oronaaal facelaax with an inflatable aeal itital eigna Inc.1.
During the brief porioda required to perform related viaual
aeaaureaenta, the eubject wore a noaeolip and breathed oxygen via
a mouthpiece, non-rebreathing aaaeably. Expired gae waa
conducted by corrugated plaatic tubing to an overboard dump
ayetea, except when it uaa collected to aeaaure gaa exchange.
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Meek oxygen concentration wee monitored continuously with en
Applied Electrochelietry Model an-: Blletrethelifill G1 Heter-
fleek Po: reneined cnnnistently ehove fl.9B except tor occeeionel
period: or ehout 10 eeconde when the neeh eeel wee treneiently
breeched by euhject novenent. End-tidal carbon dioxide
concentretion wee monitored with e Deter Hodel CD-lel CO1
hnelyrer.

 
fllggtgggnggpngggggphy. Twelve chennele or EEG were

continuouely recorded troe 12 ecelp electrodee onto e Greee Hbdel
8-16 EEG eechine end onto e eeqnetic tape recorder. A ediried
INT 1D-ID eyetee wee ueed tor electrode pleoelent.

flln;l;_gggjgg§;ngg. Hentel end peychoeotor function were
evaluated et l.D AIL beiore end otter each intermittent oxyqen
expoeure, end et the etert end end or intereittent erpoeure et
2.0 ere. Specific teoto that were used included e visual digit
epen teet of ehort tere eelory ebility, e key ineertion teet of
finger dexterity ability, en operetione test or nunher recility
end qenerel reeeoninq ehilitiee, end e eieuel reaction tine teet
or reeponee eyeed ebility. This eequence of tour consecutive
teete wee ed: nietered end ecored by coeputer over e T-ein period
ee e coponent or the Institute-developed Perforeence Heeeureeent
eyetee Ill}.

1f.le.uel_Eunctien
fllggtggggtjgggggghy. The eleetroretinoqree [ERG] wee

obtained trot the dork edepted {right} eye, ueinq e Burien—Allen
electrode that reeted on e eott contact lene to prevent corneel
ebreeion. The retinel reeponee wee elicited by e in-microsecond
Ileeh etieulue from e Greee Hbdel P522 Photoetiluletor outeide
the cheeher. e epecielly eodiried {eeeled end purged with
nitroqen} phototleeh tube ineide the cnenher wee eounted onto e
etenderd Genrleld epperetue. Vieuel etinull coneieted or three
ditlerent inteneitiee or blue or white light end one inteneity of
red liqht. The lerqeet b-wewe elplitude obtained in two or three
triele wee recorded tor eecn inteneity.

After eeqnitlcetion by e Greee Hodel P511 enplitier, the
electricel eiqnel from the ERG electrode wee recorded end etered
within the eeeory of e Hewlett-Packard Iodel 35511 Biqnel
hhelyter. Herd Copy or the ERG trece wee obtained with e
Hewlett-Peckerd Iodel 2671-G Grephic Printer.

El:i|jL:1- Peripheral vieuel field neeeurelente were eede
eonooulerly on the light edepted {left} eye with the right eye
petched. Perieetric tielde were plotted every 30“ on e
Rodenetock Projection Perieeter using the 1.12 me tent epot.
Field luninencl of the heeiephere wee tired et O-50 log IL.
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while lueinance of the teat spot was eaintained at 2.0 log sL.
all external chamber lights were turned off during the period of
visual field measurement. Maintenance of proper fixation was
assured throughout each period of ssaeuresent by frequent
unnitoring with the viewing device built into the perileter. The
stieulus was presented randomly in any of the ll selected field
locations, with each pressntat on being froa the "not seen‘ to
the "seen" sods. Responses to two coeplste sets of presentations
were averaged for each viaual field Isasursssnt-

 -The Plttern rev-will
visual evoked cortical response IVER} was obtained with a Hsdical
systems corporation Hodel D111 Pattern Reversal Btisulator
outside the chssbsr projecting onto e rear projection screen
inside the chamber via a viawport. The subject was seated with
hie eye at a distance of one ester from the screen. The signal
from the scalp EEG electrodes ifyfdyj was aagnified by a Grass
P511 hlplifisr and sent to a Hewlett-Packard Jhfilh signal
analyser for signal averaging and recording [1571-G Graphic
Printer]. ‘

Iilpgl_]gpi;y. central visual acuity was seasured with the
test chart on s sodified Macbeth illuainator stand. The subject
was seated in front of the chart with his eye position saintained
at a fired distance of 35 ca free the chart surface by a
restraining device which rested on the bridge of his noee and
cheehbonss. The chart was viewed under the illulinetion of the
Macbeth source which provided 0.95 log lur illusinancs
{approxisately equivalent to average daylight}. visual acuity of
the left eye wan aeaeured with the right eye patched.

flgggpgggtign. The closest distance at which the subject
could accoeadate was eeasured with a sodified Adler Near-Point
Rule. A fine-letter target attached to a ailliseter rule was
initially positioned to be in sharp focus for the left eye with
the right eye patched. It wae then moved slowly toward the eye
while the subject actively eccosodeted to the decreasing
distance until blurring began at the near-point. hccosnodetive
near-point was seasured as the average of at lesst 5 readings.
all trials were perforsed with chalber lights on full brightness.

Enpilgletry. Diaseter of the left pupil wae estieated to
the nearest d.5 so by satching pupil siss with e range of
eisilar test circles on s standard chart. This determination was
nade with chamber lights on full brightness while the subject
looked directly at the light.

 wmm
During oxygen breathing at 1.0 ATA, inspiratory flow and

pattern of ventilation were seasursd with a pneusotachygraph
(Pleiach ii} on the inepiratory eide of the gas adainiatration
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aycton. These neacurenents were supplenented with tieed
collectione or expired gee in e large weather balloon which wee
than ewecuetod to 1.o LTL tor eeeaurenant or woluee in a wet test
qeeoneter. Hoen expired to concentration wee eleo Ieelured et
1.0 hTh with a Date: Hodel En-101 Inrrared co: Analyzer.

l:te:iel_Il2o_§crc1
Arterial blood was eaeled anaerobically into precision-

horod qleee eyrinqee by etandard proceduroe. hnalyeee for pH,
Pguz, end Pg were perlorned in duplicate with e Corning Hodol
ii! Blood Ge; Lnelyzer electrode block elpecielly edepted for use
ineide the chamber. Blood gas and pH measurements at 1.0 hrh
were perrorwed in duplicate with an Inatrunentation Laboratory
Model 1304 Blood Gee hnelyrer.

lfifiI_I!lElIlIHI!

Rectal temperature was recorded continuouely. The
tllplrnturl eenlor wle e Yellow Bprinql IUD eerie! probe with a
Model an therlietor therloeeter end a range or as to 4c°c.
 m

Automated flow wolunl loope lneido end outside the chaeter
were obtained with "dry eeeled' lpirometere (Dhio Iodioal
Product: Hodoll I2? and a4u; and Vaounetrice Ino. software.
Cerbon Ionoxidl diffusing capacity of the lunq woe Ieeeured with
I I. E. Colline Inc. Ioduler iunq Ahelyter. hirwey rllietance.
PUIIDHIIY compliance, and lunctionul residual capecitf were
leeeured ueihq I H. I. Collins Inc. Body Flethyemoqreph.

£erdio2lecule:_Iunc:icn
I1litIfl5:i1ofl:ll- Tho ECG Ute monitored continuously on e

Slclihl Corporution lodel Sirecuct too clinical Monitor and
recordcd onto eaqnetio tape and e Holter Monitor.

£e:die§_ou;pg;. cerdiec etroke woluoo wee Ieeeurod with the
aid or a Minnesota Iepedance cardiogreph [Inetrunentation For
Hedicinl Inc- Hodll 3041] whole output wee recorded onto e
Honeywell Vioicorder E9065} and onto Iaqnetic tape. cardiac
output wee calculated an the product or heart rate and etroke
wolule.

Eloud_n:!:§nrn- Blood pressure was measured vie an
indwwllinq arterial catheter ueinq e oiepoeable blood-preeeure
tranlduclr (hhhott critical care systems} coupled to the Bilmcns
Fetilnt Monitor. Tho pulle wewelorn wee recordod onto I
Vieiccrder oacillograph.

—1I'fl

 



Q;§hgl§§15_gpnggge;. an orthoatatic eaneuwer wee obtained
at eelected interyele by hayin the eubject ariee from the prone
poeition to the atandino poeition in e rapid but controlled
neneuwer. The ECG, beat-by-beat heart rate, blood preeeure, and
cerdieo etrohe volume were eieultaneouaiy recorded onto the
tieicorder Decilloqraph before, during. and after the orthoetatic
maneuver.

ausm 
neene and etandard dewiationa tor each eeaeureeent parameter

end experimental condition are uunarired in appendix data
tehlee. Average weiuee include all eubjecte tor who! data are
available. In eoue caeee, it wee not pocoible to obtain data for
all eubjecte in each condition. For atatietical coaparieuna or
eweraqe yaluee for dirterent conditiona. enalyeee acroee e ranqe
of condition: were perloreed with data only Iron the eene
eubjecte. All taste were Iade at the 5! level. with critical
waiuee adjueted tor multiple coeparieona where required.

anelyeie of wariance techniquee were applied to all data
obtained tron neeeureeente at regular intorvalo during
intereittent oxygen ewpoaure. Paired t-teete were perroraed on
data obtained at l.o ata before and after intermittent oxygen
erpoeure at :.o LTL, and on date obtained at the etart and end of
the 2.0 LTL expceuree.

-19-



REEULES LID DISCUSSION

LNIHLL STUDIES

 
1lfll_afld_1li_hIb

Survival tinee in qroope or 20 rate eapoeed lntereittently
to oryqen precoureo or 4.0, 2.0, and 1.5 all are shown in
appendix Iiquree 5, e, and 0, reepectively. nortelity curvee for
oxygen porioda of 20, E0, and l20 ein, each conbined with ocvlral
noreoric intervale, are ehown for each pressure. nortelity
curvee ror qroupo or 20 or acre rato exposed continuously to
oeygen at eecn preeeure are ehown ae daehed linae. Survival
tines for the intereittent exposures chow cueulative oxygen tile,
with no indication of the cumulative duration of nornoric
expoeure. Reoulto are described initially with respect to
intereittent patterne having the eeae oxygen period (20, 00, or
120 ein}, and later with respect to patterns having the eeae
oxygenznornoxio ratio. '

 -
alternation of 5-min horeoric intervals with Zdeain oxygen
erpoeure periods did not increaee eurvival tiee at either 4.0 or
2.0 are (app. Fige. 5 and 6), but eedian eurvival tile wee
increaeed by 24! for the eane pattern at 1.5 ATL (app. Fig. 7].
Doubling the noraoxic interval to 10 ain increaaed eedian
eurvival time by 45! at 4.0 LTA, 29! at 2.0 era, and 04! at 1.5
LTA. again doubling the norecxic interval to 20 min produced
only a 55! increeent in eurvival tiee at 4.0 era, but eedian
eurvival tile at 2.0 are wee lore than doubled ivllltj. The
20:20 owygenznornoaio pattern wee not evaluated at l.5 LTA for
reaeone that are given below.

 -
Combination or £0-ein oxygen porioda with noreoxic interval: of
lo and 30 ain increased eedian eurvival tine, respectively, by
32l and 47% at 4.0 ate. 101 and 301 at 2.0 LTA. and 261 and 42!
at 1.5 are. The 50:60 oxygeninornoxic pattern, which wee not
evaluated at 1.5 ATh, increased eurvival tile by 62! and loot at
4.0 and 2.0 era. respectively. when 00-min oryqen periode were
alternated with 100-min noreoric interval: at 4.0 ATA. eurvival
tile increaeed by 121%, but the eeae exposure pattern at 2.0 era
allowed all 20 rate to tolerate 5? oxygen hours (3.7 n eedian
eurvival tiee for continuoue exposure) over a total tine or ll
daye without a einole death. Electron nicroecopy of the lunoe
Iroe 0 randoely eelected rate revealed only einieal alterations
of puleonary ultraetructural conetituente.

 -
when 120-ain oxygen perioda were alternated with 30-ain norsoric
intorvalo at 4.0 hra, survival timeo for oany rato were actually
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shorter than those tor continuous exposure. Evidently, the long
oxygen exposure periods at 4.0 iTh, with only 20—nin recovery
periods, produced enough lung damage to cause fatal hypoxeeia
upon return to a nornoxic ateosphers. The sass prograe at 2.0
and 1.5 LTL increased eedian survival ties by Bl and 102,
respectively. The l20:o0 oxygen:nornoxic pattern lengthened
eurvival ties by 41!, 222, and 41! at 4.0, 2.0, and l.5 era,
respectively. Hhsn l20—lin oxygen periods and norecxic
intervals were alternated at 4.0 and 2.0 are, survival tiee was
increased by so-51:. it 1.5 ATA, however, the sale intsreittent
exposure pattern was continued for 00 oxygen hours without e
single death. The experieent was discontinued at this tise,
because the rats did not appear to be in a pretsreinal state at
an exposure duration that already represented a 124! incresent in
median survival ties.

Relative increments in median survival tines for the 20:20.
ao:so, and l20:l20 patterns at 4.0 are were oat, 62!, and ass,
respectively {appendix Figure 51. Corresponding patterns at 2.0
are produced relative gains oi lllt, l00t, and 61t, respectively
[appendix Figure E}. The 20:20 and 00:60 patterns produced
sisilar results at each pressure, and both patterns were sore
effective at 2.0 than at 4.0 ATA. nedlan survival tine for the
l20:l20 pattern was at least egual to or slightly longer than
that tor the other 2 patterns at 4.0 are, but was such shorter
than eurvival tines tor the other patterns at 2.0 hTa. The
reduced slrectiveness or survival time extension by the l20:l20
pattern at 2.0 are was most evident among the sore resistant
rats.

In contrast to the 612 increment in survival ties tor the
l20:120 pattern at 2.0 ATA, the ease pattern at l.5 are was
terminated with no deaths at 00 oxygen hours which represented a
124! increesnt in eurvival tile {Appendin Figure 1]. The 20:20
and 00:00 exposure patterns were not evaluated at l.5 LTL,
because the results obtained at 2.0 are (appendix Figure 0}
indicated that they would extend survival ties even aors than the
l20:l20 pattern.

all
2 intermittent exposure patterns whose oxygen:normoxic periods
have e 2:1 ratio produced relative increments in eedian survival
tiles or 40-4?! at 4.0 aTh and 22-292 at 2.0 ATL [appendix
Figures 5 and 0}. A similar unifcreity of response to all 2
patterns was not round at 1.5 are, where both the 50:20 and
l20:d0 patterns increased survival tine by about 42!, but the
20:10 pattern produced a 04! incressnt {appendix Figure T]. with
this single exception, the sisilarity or responses to the 20:10,
00:20, and l20:i0 patterns suggests in principle that, within the
range that was evaluated, a wide variety or exposure patterns
with 2:1 ratios would provide eisilar extensions of eurvival
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ties. flperatinnsl application et the sale principle would
provide s Ieene for selection er equally elledtivl intereittent
ezpasure patterns. within an appropriate range, on the belie of
the eherteet possible nernexie interval or the lonqest possible
ervqen exposure period.

InLarsitLeh5_ns53srna_riih_11l_sarssnans:ssais_Iaties.
Responses to the intersittent exposure patterns with 4:1
orvgen:norsexio ratiee at 4.0 and 2.0 AIL show that the 60:15
pattern provided the greatest extensions of median survival tiles
at both oxygen pressures, with 32% and 1st increments at 4.0 and
2.0 ATL, respectively {appendix Figures 5 and 5}. The 20:5
pattern dis net inereaae survival tise at either praaeure, while
the 120:ln pattern decreased eedian eurvival tine by 121 at 4.u
era and increased it by Ii st 2.0 ara. The results at 4.0 and
2.0 LT; indicate that a 5—ein noreurie interval is toe short for
significant recovery, with respect to survival tile, even alter
en exvqen exposure or only in sin. They also indicate that 120-
lin oxygen exposure periods cause tori: changes that reverse less
ceepletelv, even when alternated with 30-ein nornorib intervals,
than these dsused by exposures of ED sin er lees.

In marked eentraet to the results obtained at a.e and :.e
AIL, all 3 patterns with an oxvgen:normnxi: ratin or 4:1 produced
siniler entensiene of eurvival ties at 1.5 ATA [Appendix riqure
1]. Relative increments in eedian survival tise. as oospared
with that tar continuous exposure, for the 20:5, 50:15, and
12fl:3D interuittent exposure patterns were 24!, 26!, end 19!,
respectively. These results indioete that significant recovery
{roe In-min oxygen erposure periods at 1.5 LTL can occur with
norlonio intervals ee short as 5 sin, in oontrast to the absence
of survival tine artenaian tar the 20:5 intermittent exposure
pattern at 2.0 and 4.0 arm. Results obtained at 1.5 are else
shew that 120-nin oxygen exposure periods are net too lung to
allow eiqnitieent revereel at texie etreete aurine Jo-sin
nurlexie recovery intervals. Both nhservatiuns are cnnsistent
with the tact that oxygen poisoning occurs sure slowly at 1.5 ATA
than at higher oxygen pressures.

-E 011.5 D

Bslailsnshiss_si_ssrriral tire increments tn npresrie
1n;];1g1_flg;§§1gg1. Median eurvival tines for all of the
intermittent expesure patterns that have been evaluated to date
are plotted against durations oi the dorrespendinq nornosic
intervals in appendix Figure I. Points are grouped by eryqen
pressure and duration of the orvgen exposure period tor each
preeeure. Lines drawn through the 5 ditterent groups or points
indicate the rates at which eurvival ties is lengthened by
progressively increasing the duration or nornnria while holding
the oavqen exposure constant at 20. Bu, or 120 sin. The slopes
at the lines should also reflect the relative rates at which
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toxio events are reversed upon tersination of the corresponding
oxygen exposure-

 -
Comparison or the slopes in appendix Figure B indicates that
recovery occurs nest rapidly after the 20-min {short} oxygen
exposures and least rap dly arter the 130-min {long} exposures.
It also indicates that rate of recovery for a given oxygen
exposure period occurs lore rapidly at a lower oxygen pressure.
although these relationships were anticipated qualitatively, the
data consistency arrords a clear quantitative description or the
rats or recovery under each set of experisental conditions.

The slopes of the curves in appendix Figure B can be used to
estieete elirically the etrectivsness or selected intermittent
exposure patterns throughout the ranges or oxygen pressure and
exposure period that were evaluated. Huaerical values or the l
slopes for each oxygen pressure are listed in Appendix Table 2
and plotted on each side or appendix Figure 9. 0n the lett the
slopes or the curves at 1.5. 2.0. and 4.0 hTh are plotted on the
erd nete against duration or the corresponding oxygen exposure
period on the abscissa. fin the right the slopes for 20-bin, 00-
sin, and 120-sin oxygen exposure periods are plotted on the
ordinate against the corresponding oxygen pressure on the
abscissa. both sets or curves describe ssooth relationships that
would persit interpolations with a reasonable degree of accuracy.
as an exeaple, interpolated values at 1.0 hTa on the right-side
curves are plotted on the left to provide a predicted curve for
1.0 hTh.

The sspiricsl curves in appendix Figure 9 are based on
extension or survival tile in rats by internittent oxygen
exposure at pressures or l.5. 2.0, and 4.0 hTh. The quantitative
relationships derined by these curves will not be directly
applicable to san. nowever, the principles are. and it is
considered that the analytical ssthods used to derive the
descriptive curves Iron data obtained in rats will also be useful
for the analysis or human data obtained in early. reversible
stages or oxygen poisoning. hlthough the nusber or husan
intermittent oxygen exposures will necessarily be such sore
selective and lisited than was possible in rate, the voluse of
pathophysiological inrcrlation obtained tron each exposure will
be isuansely greater. The inherently liaited survival tise data
will be replaced by quantitative seasureaents or oxygen srlects
on aultipla organ systels and runctions. The rat data will also
provide guidelines relevant to the determination or optiaus
durations for the alternating oxygen periods and norsoxio
intervals that, with appropriate adjustment. will aid in the
development or optiau patterns of interaittent oxygen exposure
ror extension or organ-specific oxygen tolerance in nan.
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HHHAH STUDIES

Z?hLDlTIDH OF ORGAN SPECIFIC HESPDHSES TU IHTERHITTEHT EXPOSURE
DH h E0115 DKTGEHSHURHUIIC PhTTERH LT 2.0 1T1.

of the I subjects who were studied on this pattern. one had
a claustrophobic reaction to breathing through a faceeask in an
enclosed space. and his exposure was stopped at 1.0 oxygen hours.
since this subject had a relatively short exposure with no
subjective or objective sanifastations of oxygen poisoning at the
ties of exposure tersination, his ssasuresents were not included
in the overall analysis of data. The intermittent exposure of
one other subject was stopped at s.o oxygen hours when he
experienced severe nausea. although his data were included in
the average results reported for 1 subjects, prinary emphasis was
placed on statistical analysis and interpretation of average data
for the a subjects who had longer exposures and developed
objective pulsonary and visual sanifsstations of oxygen toxicity.
Statistical analyses were performed on average data for fewer
than E subjects in some cases where Ieasurssants were incoplete
or technically flawed.

 m
ouration of each intersittent oxygen exposure was expressed

in tsrss of cusulative oxygen hours for comparison with the
effects of the continuous exposures that were done previously in
other subjects as part of Predictive Studies V. Exposure
durations ranged from 9.0 to 15.0 hours for an overall average of
12.9 hours in 1 subjects. ht regular intervals during exposure,
each subject reviewed a list of symptoms and rated each as absent
I0]. sild (l+1. soderate {2+}, or severe [3+]. Tolerable
duration of exposure was primarily lisited by pulsonary sysptons
in 6 subjects who had a lean exposure duration of 13.5 oxygen
hours {range ll-4-15.0 hours} and by severe nausea in l subject
(9.0 hours]. all but l of the E subjects who had severe
pulsonary symptoms also had savers nausea prior to or just alter
tbs end of oxygen exposure. This was sosstises exacerbated in
association with vomiting during the early posteexposure period.

Hh 
online inspection of electroencephalographic records during

intermittent oxygen exposure revealed no evident abnorsalities of
brain electrical activity. Signs of incipient convulsions were
not expected during these exposures. and none were observed.
Detailed analysis of the electroencephalographic records has not
been coaplsted.

e s o - ar no ' n

auditory and vestibular functions were evaluated
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qngruhanaivuly in oach subject under controlled laboratory
oonditiona botora and altar intarlittant oxygon arpooura at 2.o
hTh. Tho largo voluaa or poat—oxpoouro Ioasurnlanta in
conjunction I th tho rlquironont for porlorlinq auditory-
vaatibular neaaurononta in a hospital laboratory during noraal
buoinlal hour: aado it iapraotioal to obtain thorn ooanurooonta
until about :4 houra altar axpoouro torlination. Although it ll
poaaibla that aubtla torio attootl could hlvl rivlrlld oolplltlly
during thio unavoidable delay. any functionally aignitioant
raaidual ottaotl would ho dotlotld.

auditory and vaatibular Iunotiona woro Hill Ilintainad altar
tho intoriittont oxpoouroo. Ho aignirioant ahitta in hearing
throoholdo woro rovollad by aithar oonvantiohal or axtondad high
frlquanoy audiomotry. Loouatic illittanoo data did not dotaot
altarationa in middla aar runotion, and auditory brainltol
rlaponaag ahouud no ahnormalitiad in naural transnislion. Pout-
oxpoouro oalorio raoponloo Horn lllo norlll.

IInial_2aII2Iaan5a_and_£arshuantd;_Eun£tion
fllmtal porfornanoa and payohonotor function woro ovaluatod

in 1 aubjoota durinq air breathing at l.o nth barorl and attar
oryqon oxpoauro and during oxygon braathinq at 2.0 1T1 at tha
atart and and or intariittont oxpoauro. Individual and avortql
rllulta III Imlnaritod in Appindir Tdhld 3. Tooting of manual
doxtority III toohnioally lltiaiaotory in only 4 ol tho 7
oubjaoto.

Short tar! Ilory, manual doxtirity. nulhdr facility, and
qinlral roaooning ability woro all wall Ilintainld during and
attor intoraittont oxygon oxpoauro at 2.0 A21. Houavar, viaual
raaotion tin: Ill inoraaald in 5 of 1 aubjlotl at tho Ind of
ouyqon oxpoauro with avoraqa values ot 0.282 and 0.322 oooondo at
tho otart and ind or oxpoauro, rolpootivaly. Hoaluroolnta
obtained bofora and aftor oxygon oxpoauro also ratlootad a alight
lanqthoning ot rlaotion til: in all 1 aubjaota with avarago
valunl of H.283 Ind fi.l2fi socondi, raspactivaly. Iaithar of
thlao ohanqaa IIII ltatiatioally lignificant. Houuvar, in tha 5
luhjact: who had tho longost intirlittlnt oxygon oxpoauro: (11.4
to l5.fl oryqln houra], tho 0.041-laoond incronnnt {l5.llj in
viaual reaction timl oboarved at tho end of oxyqon oxpoauro was
otatiltioally aionitioant. It la poaaiblo that thio baroly
datlctahla alouing of visual roaction till roproilntod an affect
or tatlqua rathlr than a apaoitlo attaot of oxygon toxicity.

EIia:ia_on_!ianal_£unsii2n
Haaauroaanta or viaual tunotion that wara obtained batoro,

during, and altar intorlittont oxygon axpoauro at 2.0 ATA
lnoludad viaual aouity, naarpoint aooonnodation. Puvllouatry.
viaual avokod oortioal rooponaos, viaual rialda. and rotinal
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electrical activity. all of these parameters were seasured
during air breathing at 1.o era before and after the intermittent
oxygen exposure and during the first and last hours of oxygen
exposure at 2.0 are. viaual field area and the electroratinogras
(ERG) b-vave asplitude were also measured at regular intervals
during intermittent oxygen exposure as primary indices of toxic
effects on visual function.

With fee exceptions, the effects of intermittent oxygen
exposure at 2.0 are on visual function were qualitatively sieilar
to the effects observed previously in the continuous oxygen
exposures of Predictive studies V [$.12]. average meacuresents
of visual responses to intermittent oxygen exposure are
sunaarifed in appendix Tables 4-5. Visual acuity, nearpoint
accoeaodation, and pupil diameter were not detectably affected by
intermittent oxygen exposure at 2.0 era [appendix Table 4). In
contrast to previous observation of no change during and after
continuous oxygen exposure at 2.0 era. however. latency of the
visual evoked cortical response was significantly increased at
the end of intermittent oxygen exposure by an average value of
5.25 ailliseconds (5.11).

average changes in visual field area during and after
intersittent oxygen exposure at 2.0 ATL are summarised in
appendix Table 5. In the 6 subjects who had the longest oxygen
exposures. average visual field area was significantly reduced by
11.9! at an exposure duration 11.2 oxygen hours. It than
recovered partially to be reduced by 3.41 during the last hour of
exposure. an egual decrement during the early post—exposure
period was not statistically significant.

rlectroretinographic responses [b-wave aaplitudej to 3
different light intensities are suamarired in Appendix Table 5.
With few exceptions, average retinal responses to all J
intensities were significantly reduced during the last hour of
oxygen exposure and were further reduced during the early post-
exposure period. The only 2 values that were not significantly
reduced were the post-exposure response to the intermediate light
intensity [HIE] and the and-exposure response to the brightest
light flash {Hes}. average percent decreeents for the J combined
light intensities in the a subjects who had the longest
intersittent oxygen exposures are shown in appendix Figure lo
along with comparable average responses for 1 other subjects who
were previously exposed continuously to oxygen at 2.0 ATA in
Predictive studies v.

The average Elo b-vave amplitude during continuous exposure
was not detectably altered for the first e hours and than
decreased nearly linearly to reach an average deoreeent of 39.4:
after 5.4 hours of exposure. During intereittent oxygen
exposure. average b-Have decrements of a.2l at 5.4 oxygen hours,
B-51 at 9.4 oxygen hours. followed by a progressive decline to
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31,9! at 13,5 oxygen hours, define a curve that appears initially
to he lflpiriflpfllid on the curve for continuous exposure. then
shifts abruptly to the right to fall in parallel with the
continuous exposure curve.

 mm
as potential indioes of toxic effects on pulmonary

ventilation and ventilatory control. rate and pattern of
ventilation were measured before. during. and after intermittent
oxygen exposure at 2.0 AIL. Heasurements of ventilation along
with rate of co elimination were obtained by collection of
expired gas during air breathing at 1.0 LTA before and after
intermittent oxygen exposure and at regular intervals during the
2.0 ATA oxygen exposure. average values obtained in all 7
subjects and in the 5 subjects who were exposed for 11.4 to 15.0
oxygen hours are summarised in appendix Table 1. average values
for fewer than e subjects are also indicated where complete data
are not available. Some of the average values for the various
combinations of subjects that are cited below are not included in
appendix Table 7.

In the transition froe breathing air at 1.0 LTA to breathing
oxygen at 2.0 ATA. expiratory minute volume increased
significantly froe 6.13 to 9.11 Lfmin {R-5}. This Hell defined
stimulatory effect of acute hyperoxia on ventilation is caused by
central accumulation of CD; secondary to an oxygen—induoed
alteration in blood CO; transport (3,1). The same 5 subjects had
a decrease in expiratory minute volume from ll.l! to s.4? Igmin
during the reverse transition from oxygen breathing at 2.0 are to
air breathing at 1.0 are. The ventilatory changes observed at
the start and end of oxygen exposure were associated with
reciprocal changes in end-tidal Pdflg. average PCB; {HIT}
decreased significantly from 10.3 em Hg during air breathing at
1.0 are to 13.5 ma Hg at the start of the 2.0 LTA oxygen
exposure. In the reverse transition at the end of oxygen
exposure. end-tidal Poo; (N-6] increased from 30.a to 35.2 ma Hg.

an increased frequency of breathing with a related reduction
in tidal volume was found near the end of prolonged. continuous
oxygen exposures at 1.5 or 2.0 ATL (7,111. Since this response
occurred concurrently with pulmonary symptoms of at least
moderate severity. it may have represented a conscious or reflex
effort to avoid chest pain by using a shallow, tachypneio
breathing pattern.

The data summarised in Appendix Table T indicate that
prolonged, intermittent oxygen exposure at 2.0 LTA provoked a
similar response. average respiratory rate in the s subjects who
had the longest oxygen exposures increased significantly froe
15.? to 20.1 breathsfein at the etart and end of oxygen exposure,
respectively. The associated reduction in tidal volume from

-21-



 

0.56 to 0.51 L was not significant. although the concurrent
change in expiratory minute volume from 0.54 to 11.11 Lxsin was
not statistically significant, the preceding value or 11.10 Lyain
at 11.5 oxygen hours vae significantly elevated by analysis of
variance. End-tidal FED; also decreased significantly froe 33.9
ml Hg et the etart to 30.1 ml Hg at the end of oxygen exposure.

Effasts_sn.£ulssnarr_£anstisn
Bate of development of pulsonary oxygen poisoning during

interlittent oxygen exposure at 2.0 ATL was monitored
subjectively at regular intervals by repeated surveys or
pulsonary eyeptoes. Each symptoe survey included individual
ratings of cough. chest pain. chest tightness, and shortness ol
breath as absent (01. eild (1+J. moderate (l+}, or severe {3+i.
average ratings of all 4 pulsonary eymptoss were combined at each
exposure interval for the 6 subjects whose exposures were long
enough to reach pulsonary lisits. These overall "pulsonary
syspte" ratings are plotted against exposure duration in
appendix Figure 11 to describe rate of development of pulmonary
sysptoes during intermittent exposure at 2.0 are on a 60:15
oxygeninornoxic pattern. For cosparison with this curve,
appendix Figure 11 also contains a similar curve obtained
previously in this laboratory for continuous oxygen exposure at
2.0 ara (5,141 and a curve obtained by Hendricks et al {1} for
interaittent ‘RPQIUII at 2.0 are on e 10:5 oxygeninormoxic
pattern. Both patterns of internittent oxygen exposure delay the
development of pulsonary symptoms by degrees that are remarkably
aieilar given the subjective nature of the available information.

3ata_oI_dssrsaas_in_xi;sl_sasasilx- F1uH-vu1u- 1°°Ps were
perforsed at regular intervals during intereittent oxygen
exposure at 2.0 ATL to monitor toxic effects on pulsonary
mechanical function. average values for selected lung volumes
and flow rates are summarized in Appendix Table B. or the lung
volumes and flov rates that can be obtained from a flow-volume
loop, vital capacity proved to be a useful index of pulsonary
oxygen poisoning during intermittent exposure [11, as it had
previously during continuous oxygen exposure (131. average vital
capacity data for the 6 subjects who had the longest
interlittent exposures are plotted in appendix Figure 12 along
with average curves obtained previously for continuous exposure
in this laboratory [141 and for interlittent exposure on a 20:5
pattern by Hendricks et al El]. Both curves for intermittent
exposure reflect inoresents in pulmonary oxygen tolerance, but
the 20:5 exposure pattern appears to be more effective.

Individual vital capacity data for the E subjects exposed
for 11.4 to 15.0 oxygen hours on the eo:15 intermittent exposure
pattern are superimposed on the curves for continuous oxygen
exposure and intermittent exposure on the 20:5 pattern in
appendix Figure ll. The data chow that rates of decrease in



vital capacity for 4 subjects on the 60:15 pattern are similar to
the average curve for the 10:5 intermittent ea;oeure pattern,
while rates of vital capacity decrement for the other 2 subjeota
are closer to the average curve for continuous oxygen exposure.
These similarities are even more evident in appendix Figure 11
where the average curve for the 4 subjects who had relatively
slow rates of decrease in vital capacity on the 60:15
intermittent exposure pattern is nearly superimposed on the
average curve for the 20:5 exposure pattern, while the average
curve for the other 2 subjects is much closer to the average
curve for continuous oxygen exposure.

Bosirexnsaurs_e1aluation_ei4udasnarr_fuactlos- In addition
to measuring lung volumes and flow rates at regular intervals
during intermittent oxygen exposure at 2.0 are, extensive
evaluations of pulmonary function were performed at 1.0 are
before and after the 2.0 ATL intermittent oxygen exposure.
average results of these measurements are susmarised in appendix
Table 0. average values are given for all l subjects and for the
0 subjects who had the longest oxygen exposures.

separate measurements or vital capacity as pert of a flow-
volums loop {rvcy or as an independently performed alovly
delivered exhalation {EVE} are in good agreement. average PVC
and svc decrements in the 5 subjects who reached pulmonary limits
of exposure are both 0.59 L {representing 11.01 and 11.1%,
respectively, of the corresponding control values}. This
measurement, obtained about 3-4 hours post-exposure, reflects
partial recovery from the 14.7! decrement that was present at the
end of oxygen exposure (appendix Figure 12}. concurrent
measurements of nspiratory capacity (ICJ and expiratory reserve
volume IERV} (appendix Table 9} show that the vital capacity
decrement is contained within the inspiratory component of this
lung volume, in agreement with previous observations obtained
after continuous oxygen exposure at 2.0 are {ll}.

1anc_aaniratsrx_function_an_sssaliancs- hear inoioes of
lung expiratory function were decreased after intermittent oxygen
exposure at 2.0 ATA {appendix Tables I and 5]. During the early
post-exposure period, average values of the one-second forced
expired volume irrvlg and peak expiratory flow rate {PEPE} were
significantly reduced by 0.52 L (11.51) and 1.55 Lfsec {l5.0t],
respectively. Although maximal mid-expiratory flow rate
{FEF;5_15j was reduced in 5 of the 5 subjects, the average
decrement (0.51 Lfaec or 10.911 was not statistically
significant.

In agreement with previous observations after continuous
oxygen exposure [le,l5], airway resistance [Raw] was not
increased after intermittent exposure at 2.0 hTh {appendix Table
I). since the measured value of Raw is determined primarily by
resistance to flow through the larger, proximal airways, the



inpairnent or lung expiratory function that has been found
repeatedly after either intermittent or ccntinucue oxygen
exposure at 2.0 AIL is apparently caused by increased resistance
to flow through the ssaller, peripheral airwaya [$,ld).

In the 6 euhjecte who had the longest intersittent oxygen
exposures, the average value of epecific lung compliance [cL;rnc1
was significantly reduced by H.029 Lice HQDIL £20.21] during the
early poet-expcaure period. at the eaee time in 5 of the eaae
euhjecte. the average value fcr deneity dependence of expiratory
flow rate fl5¢nax5g] was reduced by 1c.aa, but this change uaa not
statistically significant. Both of theae parameters were reduced
aignificantly after ccntinueue oxygen exposure at 2.0 LTA [14].

 -The
average value for lung carbon monoxide diffusing capacity ifllqgl
during the early poet-expceure period xaa nearly identical to the
pre—expcsure control value [appendix Table 9]. However, DL¢q
fell prcgreeeively over the next 2 days for average decrements of
3.1% on poet-exposure day l and a statistically significant ll.71
on post-exposure day I {Data not ehcwn in Table]. A aieilar
continuation of the poet-exposure reduction in DLCO Has cbeerved
after continuous oxygen exposure at 2.c are for an average tile
of 9.1 hours (17).

Effects of intersittent oxygen exposure at 2.0 are on
aelected paranetere of arterial oxygenation and acid-baee atate
are summarized in appendix Table 10. Average alveolar-arterial
oxygen differences (nee: eeaeured at feet during the firet and
laet hour: of oxygen breathing at 2.0 ATA were 45 and 55 a Hg.
reepectively. alveolar-arterial oxygen differences were elec
meaeured at reat and during exercise while breathing air at 1.0
aTa before and after intermittent expceure at 2.0 ATA. Average
ore-exposure value: at rent and during exercise {N-5} at a mean
oxygen uptake of 1.34 Lysin were 1.5 and 1.5 pm Hg, reapectively.
Corresponding poet-expoeure values were 5.3 and 14.4 ma Hg. Hone
of the obeerved increeente in alveolar-arterial oxygen
difference: were atatietically aignificant.

although arterial oxygenation was not significantly altered
during late exposure or in the early peat-expceure pericd, there
were ltatiatically significant changes in eeveral indices cf
arterial acid-heae atate. These changes included a small but
statistically Iignificant decrease in arterial pH during oxygen
oxpoauro. significant reductione in arterial rec; and [Hcc;'] at
reet while breathing air during the early poet-erpupure perind,
and reduction in arterial FCD with concurrent elevation: in
arterial pH and alveolar FD; fiuring the subsequent exerciaa
period. Theae changer are generally consistent with loss of
bicarbonate during the prolonged intereittent oxygen exposure and
with lild hyperventilation during the early poet-exposure period.
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Hufi@n 
hyeraga values of maximun inspiratory and expiratory

pressures and maximum hsndgrip strength are summarised in
Appendix Table ll. In the 6 subjects who had the longest
intersittent oxygen exposures. saxisus inspiratory pressure
during the early post-exposure period was reduced by 30.6 cm H30
(21.2!) at residual volume and by 22.1 cm H30 [l7.9t] at
functional residual capacity. concurrent values of maximum
expiratory pressure were reduced bv 22.2 cs H10 {ld.6t] at total
lung capacity and by 34.6 cm Hgc (26.3%) at functional residual
capacity. Hone of the observed changes in maximum respiratory
pressures were statistically significant.

haxisus handgrip strength was reduced by only 0.5 Kg [l.5t}
during the early post—exposure period. and the tolerable duration
for sustaining not of saxisus handgrip power, seasured as an
index of endurance, was reduced by n.a seconds {2e.sl}. neither
of these changes were statistical y significant. _

aL 
cardiovascular parameters measured before, during, and after

intermittent oxygen exposure at 2.o are include heart rate,
stroke volume, cardiac output, mean arterial blood pressure, and
svstssic vascular resistance. Rectal temperature was also
measured as an index of deep body temperature. Individual and
average values are summarised in Appendix Table 12. average
values are shown for all 1 subjects and for the 5 subjects who
had the longest exposures.

Heart rate decreased in all 2 subjects at the start of
oxygen exposure with an average decrement from 56.? to aa.4
beatsfsin. stroke volume changed less consistently with an
average incressnt of only 131.0 to lel.l sl. average cardiac
output decreased from 2.15 to s.ss train, but this change was not
statistically significant. In the 5 subjects who had the longest
intersittsnt oxygen exposures, average heart rats increased
significantly from 4a.: bsataxsin It the start of exposure to
55.2 and 55.3 beatsfnin at 10.1 and 11.1 oxygen hours,
respectively, and to 59.0 bearsfsin during the last exposure
hour. The increased heart rate was associated with e significant
reduction in stroke volume from 133.5 to 105.? ml. A similar
initial reduction and later acceleration of heart rate was found
during continuous oxygen exposure at 2.o ATA (B).

xean arterial hlood pressure and systemic vascular
resistance did not change significantly at the start of oxygen
exposure and were not consistently altered during the course of
the exposure. There was a small but statistically significant
increase in deep body temperature from a pre—exposure value of
as.1°c to a1.s°c {H-6] during the early post-exposure period.
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In aunary, tho cardiovascular raaponsaa to intorlittaflt
oxygon oxpoauro at 2.0 lTA Hart qlnlrally oonailtant with
previously ohaarvad raaponaa: to continuous oxygon axpoaura at
tha mall praaaura (I1, with no prflmifliflt pathophrlioloqio
aftaota on cardiovascular function.

I?lLDlTIDI GP URGAH SPECIFIC RESPONSES TD IHTIRHITTEHT EXPOSURE
DI L 30130 OIYGEH:HDRIIIC PLTTERH LT 2-D AIL.

Dfltinq tho final phaaa of thil Program. 6 intaraittnnt
uxygqn qgpauurag with tho 30:30 o1ygan:noraoxio loquanoa Hora
oolplotad at 2-U ATh- Th! total nuahar of Iubjaotl Hal liaitad
by tha dittioulty ancountarod in recruiting atudant voluntaara
tor an axplrinant that tlquirld 5 oonaaoutiva day: for pro-
axpoaura, axpoaura, and poat~axposuro aaasuraainta, with
additional day: tor madioal avaluation, training, and fu11ow—up
aaaauraaantl. hvoraqo values and statistical analyaaa at tha
data tor thl Iaaaurad organ ipeoifio raaponaai to tho 30:30
nxyg¢h:noraoxio intaraittant nxposure pattern are summarised in
hppindit Tahlaa ll to 22. ‘

ummum 
or tha i intnrnittant Itpnlurii that Horn ooplatld on the

30:30 pattarn, I wart oontinuad tor tho pllnnld duration of 15-0
oxygon houra, and tho othar I worn atoppad at 13.D hours. A: Hal
dona pravioully tor tha oontinuoua and 60:15 intarnittlnt
oxpoauro aariaa, lath Iuhjact raviiuod a iiit of Iylptflll at
rnqular intarvala and rated each ayaptoa an ahaant (oi, aila
{1+], lodarata (I+}, or savor: 13+}. Although ayaptoll raainad
qanarally mild, tha tirat oxpoauro Ill atoppad at 11.0 oxyqan
hour: whon tho aubjaot appaarad to ha dlvilopinq prouinlnt
dacraaanta in viaual and pulaunary function. Thu laat oxpoauro
was alto atoppud at 13.0 oxygon hours when tho auhjaot banana
axtraualy anxioua in aalooiation with ohaat tightnaaa and
ahortnaal oi hraath- Una auhjaot voaitld aavaral tinaa during
tho aarly pout-oxpoauro poriod.

fihflL 
ha ohaarvad pravioualy during tho oontinuoua and 5fl:l5

intaraittant oxpoauro aoriaa, onlinl inapootion of
llootroonoophaloqraphio rocordl ravaalod no uvidunt ahnornalitioa
of brain Ilottrioal activity.

 
In aqrliaant with pravioua findings after both continuous

and intaraittant oxygon aapoauraa, uiqnirioant ahilta in haaring
thraoholda were not dotactod by either conventional or lxtlndld
high traquanoy audionatry. Foot-axpoaura nvaluationa or aidaln
oar function by aoouatio iaittanoa and auditory hrainstun
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responses as an index of neural transmission revealed no
abnorsalitias. Post-exposure caloric responses were also noraal.

HlD1II_IIIIHIHIHElllHfl_ElIEflQnfliQI_[Hh£iiHfl

Avaraqa results of aantal parfornanoa and psychomotor
function evaluations are sunnarized in Appendix Tabla l3.
hvaraqa scores for short tars manory ability and nuabar facility
were generally saintained or increased slightly at the end or the
ihtarsittant oxygen asposura or during tha aarly post-exposure
period. nanual dexterity scores were significantly reduced post-
Irnclurl, with average pro and poet-exposure valuas of 52.? and
49.2 [-21.5%}, respectively. average visual reaction tine was
raducad by o.o1: saconda at tha and of oxygen exposure and
increased by 0.024 seconds during tha early poet+erposure period.
Neither of thasa changes wara statistically significant.

HH1flm 
hvaraoa measurements of viaual responses to intiraittsnt

oxygen arposure on tha 20:30 saquanca ara sunsarized in appendix
Tablas 1:-16. average values for visual ayokad cortical
responses, naarpoint accoaaodation, and pupil dialatar were
siailar bafora, during, and after intermittent oxygen arposure
{appendix Table 14}. Except for a sinor change froa 20125 to
IDIID in one subject, visual acuitiea were identical befora,
during. and after exposure.

hvaraqa valuas or peripheral viaual field araa laasurad
before. during, and after intermittent oxygen exposure ara
suaarirad in hppandix Table ls. With rsspact to the control
measurement at tha start of osyqen exposure, average values were
reduced by 5.5t at B.t oxygen hours, increased by 2.5! at 1a.o
hours, reduced aqain by 5-it at 13.0 hours, and decreased by 5.3%
at the and of oxygen aspoaura. Hith raspact to tha pra-exposure
control valua, average visual field araa was increased by 3.1%
during tha early post-axpcsura period. Nona of tha observed
changes in visual field area were statistically significant. In
contrast, average viaual fiald araas in tha 6 subjects who wara
exposed on the ao:15 oxygen:nornoxic sequence were significantly
raducad by 13.9! and I.il, raspaotivaly, at ll.2 and 13.5 oxygen
hours (appendir Table 5}.

hverage electroretinoqraphic responses {b-wava amplitude] to
J different light intensities ara summarized in Appendix Table
15. Hith respect to the control measurement at the start of
oxyqan axposura, avaraqa responses to tha lowaat liqht intensity
fell to the lowest value (-15.6%] at B.fl oxygen hours, then rose
to -1.3! at 12.0 hours, decreased to -5.3! at 1J.o hours, and
rose to -3.5% at the end of the exposure. Corresponding
rasponsal to the intaraadiata intensity also raachad tha lowast
value I-26.8%] at a.o hours, followed by a partial recovery to an
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average decrement of s.1t at the and of oxygen exposure
agrsamant with observed responses to the two lover intensities,
average responses to the brightest light intensity fell to the
lowest value [-l4.lt} at 0.0 oxygen hours. Thereafter, these
responses recovered fully to reach an average increment of 4 0t
at the end of intermittent oxygen exposure. with respect to p -
exposure control values, average changes during the early po -
exposure period were -ll.3t, -ll.st, and +5.9!, respectively
for the lowest, intermediate, and highest light intensities 0!
all the observed changes in EHO h-wave amplitude during and after
intermittent oxygen exposure, only the 20.0% decrement in
response to the intermediate light intensity at B-D oxygen hours
and the 9.11 decrement in response to the same light intensity at
the and of oxygen exposure were statistically significant

average percent decrements in ERG b-wave amplitude
calculated from individual average responses to all J light
intensities are shown in appendix Figure 15 for all 6 subjects
exposed on the 30:30 oxygen:normoxic sequence, along with
corresponding data for 7 subjects exposed continuously and e
subjects exposed intermittently on the e0:l5 eaguence {shown
previously in Appendix Figure 10]. Hith respect to the initial
control value, average results for the e subjects on the J0 I0
sequence were essentially unchanged through 5.0 oxygen hours
rail abruptly to an average decrement of 10.51 at 0.0 hours, and
then recovered progressively to reach an average decrement oi
only 3.3! at the and of the intermittent exposure. Progressive
recovery of ERG b-wave amplitude during the second half of the
intermittent exposure on the 30:10 sequence contrasted sharply
with the concurrent progressive decrements in b-wave amplitude
observed during both continuous oxygen exposure and intermittent
exposure on the 00:15 sequence.

Esta_snd_Iattsrn_si_2slssnsrx_Esnsilaiisn
average measurements of ventilatory responses to

intermittent oxygen exposure on the 30:10 sequence are summarised
in appendix Table 11. as noted previously at the start of either
continuous or intermittent oxygen exposure, expiratory minute
volume increased significantly during the transition from
breathing air at 1.0 ATA to breathing oxygen at 2.0 ATL Both
the average pra-exposure value of 7.30 Lxmin and the initial
exposure value of 10.30 train were used as control values for
subsaguent measurements at 2.0 or l.0 ATA. Hith respect to these
control values, there were no significant changes in expiratory
minute volume during either the intermittent oxygen exposure at
2-0 ATA or the early post-exposure period at 1.0 ATA. similarly
there were no significant changes in respiratory rate, tidal
volume, or rate of co; elimination during the exposure or post-
exposure periods.
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average and-tidal Pco;, after decreasing significantly tron
a pre-exposure value cl 10.2 an Hg to 13.! an Hg at the start ct
exposure, increased significantly to 36.2 I Hg at 7.6 oxygon
hours. There were no other signirioant changes in end-tidal Poo;
except for tna expected elevation froe 33.2 to 33.2 um Hg during
the reverse transition from oxygen breathing st 2.0 ATL to air
breathing at 1.0 ATA. The observed elevation from 33.0 on Hg at
the start or intereittent exposure to 36.2 as Hg at 2.6 oxygen
hours nay have bean related to the tact that th s saaaurensnt was
made st 0300 to 0600 hours when the subjects would norsally have
been asleep. A reduced vontilatory response to satabalically
produced co; with s reciprocal elevation in arterial and end-
tidal PCB; has been observed during sleep [101 and in normal sen
who were awakened intermittently during the night (19).

EIIliilJHLlHlI£HlELlEm£1iEfl
average pulsonary sysptos ratings tor the 6 subjects who

were exposed on the 30:30 oxygen:norIoxic sequence are plotted
against exposure duration in appendix Figure l6 along with the
pulnonary sysptol curves shown previously [appendix Figure ll]
for continuous exposure and for intermittent exposure on the
60:15 sequence. as expected. pulmonary oysptons developed more
slowly and were less severe on the 30:30 sequence than for the
previous intarsittent exposures on the 60:15 sequence. average
eyepton ratings at the and or each or the 3 exposure series vara
1.0 at 16.3 oxygen hours on the 30:30 sequence, 2.0 at 13.6
oxygen hours on the 60:15 sequence, and 2.1 at 0.2 hours of
continuous exposure.

IsIs_21_dss:ssss_in_xi:sl_caeaait2- avlraaa values for
selected lung volueee and flow rates measured berore, during, and
after interlittent exposure on tha 30:30 sequence ara suanarizad
in Appendix Table 18. hverage percent changes in vital capacity
were selected tor comparison with similar data obtained during
continuous exposure {H-16} and intermittent exposure on the 60:15
sequence (n-5; [appendix Figure 11}. average vital capacity
decresents for the 6 subjects exposed intermittently on the 30:30
sequence initially ware nearly superimposed on the curve for
continuous exposure to reach an average decrement of 6.0% at 0.0
oxygen hours, then reaained essentially constant. crossing the
curve for intersittent exposure on the 60:15 sequence at 11.1
hours to and at an average decrement or 6.11 at 14.3 oxygen
hours. Individual changes in vital capacity at the end of oxygen
exposure varied Iran -0.2! to +1.41 ct the initial control value.
hll of the changes in vital capacity observed tron a.o to 14.:
oxygen hours were statistically significant. although
intorflittent exposure on the 30:30 sequence allowed nearly 15
hours or oxygen breathing at 2.0 ATA with a relatively ssall
change in vital capacity, as predicted. the observation of vital
capacity decrements that initially exceeded those round
previously for the 60:15 sequence Has not expected.
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EE2I:E3HQEHIE_E1ilHEI1Qfl_EI_RHlEQfliII.IHB£1iflHa 1V¢r5QE
values for selected ccaponents of extensive evaluations of
pulsonary function that were performed before and after
intermittent oxygen exposure at 2.0 hTh are summarized in
appendix Table ls. The average changes were generally smaller
than those found after intermittent exposure on the 60:15
sequence [appendix Table 5} with only a few exceptions. One of
the exceptions was s consistent reduction in specific lung
conplianca in all 5 subjects for an average decrement of 23.3%
after internittent exposure on the 30:30 sequence. This
statistically significant change was very similar to the
corresponding value of 20.21 found after exposure on the 60:15
sequence.

inng carbon monoxide diffusing capacity was also reduced by
s small, but statistically significant, average change of -4.0:
during the early post-exposure period, with subsequent,
significant changes of -11.3t, -11.31, and -12.0! on post-
exposure days 1, 2. and 3, respectively. After intermittent
exposure on the 60:15 sequence, lung carbon monoxide'diffueing
capacity was not changed (+0.6!) during the early post-exposure
period, with average changes of -B-11 on post—exposure day 1 and
a statistically significant -11.11 on post-exposure day 2.

average values for selected parameters of arterial
oxygenation and acid-base state measured before, during. and
arts: intermittent exposure on the 3o:30 sequence are summarized
in appendix Table 20. Hone of the observed changes were
statistically significant, and moat of the average values
measured pre-exposure and during the first 30 minutes of oxygen
hreathing were similar to corresponding values measured during
the last 30 minutes of exposure and during the early post-
exposure period.

 
average values of maximum inspiratory and expiratory

pressures and maximum bandgrip strength are summarized in
appendix Table 21. Haxinus inspiratory pressure during the early
post-exposure period was reduced by 15.5 ca Hpfl (13.3%; at
residual volume and by 4.0 cm ago £3.41} at functional residual
capacity. concurrent values of maximum expiratory pressure were
reduced by 24.5 cm H30 (12.31! at total lung capacity and by 15.3
cm Ego [1l.6t] at functional residual capacity. Hone of the
observed changes in maximum respiratory pressures were
statistically significant.

haxisun handgrip strength was reduced by 3.6 Kg (2.2%)
during the early post-exposure period, and the tolerable duration
for sustaining 30% of maximum handgrip power, measured as an
index of endurance, was reduced by ?.a seconds {l?.3\]. Neither
of these changes were statistically significant-
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EII:sLa_an_;arfli2ra:£ular_Eunrtisn arc Bad? Irrnsrninr:
avaraqa valuaa at haart rata, atruka vcluma, cardiac output,

naan artarial blccd pressure, aystsnic vascular raalatance, and
dlap hcdy tanparaturs Isalurcd hlforl, during, and altar
intarnittlnt cxygan axpcsurs at 2.0 ATL ara summarized in
Appendix Tabla 22. Avlraqa haart rata incrlasid liqnilicantly
from 53.! to 52.2 haatajain at tha start and and or intlrnittlnt
cxyqan sapcsurs, raapactivaly. a cnncurrant rlducticn in auaragg
strckl ycluls frcm lD2.5 tc 82.2 n1 was nct statistically
aiqniticant. Thnra warn no aignlricant changaa in cardiac
cutput. lean arterial blood prasaurn, ur systemic vascular
rlsiltancl. Ayaraga drip bcdy tlnparaturl dscraasad
significantly {run 3?.D°C at ths start cf cxygsn sxpcsura ta
36.5“¢ at 3.0 crygsn hcurl. It than lncrsaasd during tha
remainder cf tha intarnittnnt ixpcsura to ranch an avsraqs valua
ct 17.1“: during tha aarly past-Ilpclurl pariud that was
significantly largar than tha pr:-axpcsurs value cf 37.0°¢.

In summary, tha cardluvaacular raaponsas tc intirnittlnt
nrygan arpcaura at 2.0 LTA an tha 30:30 pattarn warn ganarally
ccnsistsnt with previously observed raapcnsis tn hcth
ihtlrnittlnt lxpclurl an tha 50:15 pattlrn fhppsndix Tabla 12]
and to continuous cxyqin lxpcsura at tha sans pressure [B]. with
HO Prflliniht pathapnyaluluqic llllctl cn cardicyascular functicn.

-31-

_ ‘ Li _ - — 



 1 _

INTERPRETATION RED RELEVANCE OF RESULTS

In agressent with results or the previous continuous oxygen
exposures at 2.0 ATA in Predictive Studies V, intermittent oxygen
exposure at 2.0 LTA on either the 50:15 or lflilfl oxygenznornoxic
sequence had little or no effect on brain electrical activity,
auditory and vestibular function. nental performance, and
peychouotor runotion. observed chances in the rats and pattern
or pulsonary ventilation were consistent with previously
documented physiological responses to hyperoxis (31. except for
an elevation in respiratory rate that was statistically
significant at the end or intermittent oxygen exposure on the
60:15 sequence. cardiovascular responses to intermittent oxygen
exposure were also consistent with previously observed
physiological responses. except that average heart rates were
significantly increased by about 22% at the end or exposure on
the 50:15 pattern and by about 15% on the 10:30 pattern. Bieilar
incrsnehts in respiratory and heart rates also occurred during
prolonged, continuous oxygen exposure at 2.0 ATA [1,B}.

The molt proeinent toxic effects or ihternittent oxygen
exposure at 2.0 ara. again in agreement with results or the
previous continuous exposures, were nanirestsd as significant
alterations in epecirio aspects of visual function {retinal
electrical activity and pariphsral vision} and in ssvsral indices
of pulmonary function. The physiological and operational
relevance or the observed changes will be esphasized in the
remainder or this discussion.

£emsarsti£s.Eassa_sI_Haslssnsnt_s1_Iiaual_ahd_Eulle0aIr_EIIssl§
 
Ehesasrs_sI_ll£_dIa

Rates or decline in ERG b-wave aeplitude and forced vital
capacity in the lane 1 subjects exposed continuously to oxygen at
2-0 ATA are shown in appendix Figure 13. average decrements in
ERG n-wave start earlier and are larger than corresponding Fr:
decrements. Since the lung is exposed to a higher oxygen
pressure than any other organ, these data indicate that retinal
bipolar and glial cells, which produce the ERG b-wave, are more
sensitive to oxygen toxicity than the pulmonary cells that ara
reaponeible for the still poorly understood roll in vital
capacity. Previous in vitro studies have also shown that
respiration or rat brain slices is inactivated before that or
lung slices during exposure to the ease oxygen pressure (20-2:).

our data show that ERG h-wave amplitude is decreased
prominently, along with a snaller but statistically eigniiicant
reduction in peripheral visual field area {l2}. before the
occurrence or convulsions or detectable decrements in other CH5
iunctione during continuous oxygen exposure at 2.0 ara. These
results appear to indicate that retinal tunction, by virtue of
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specific sensitivities of retinal cells andjor the oxygen dose to
which tha retina is exposed, is more susceptible to oxygen
poisoning than other critical CNS functions.

ouring intermittent oxygen exposure at 2.0 are on the 60:15
oxygeninormoxic aegusnce, average measurements in 6 subjects
again show that decrease in ERG b-wave amplitude precedes the
fall in vital capacity {appendix Figure ls]. During intermittent
exposure, however, changes in both ERG b-wave amplitude and vital
capacity are delayed and sealler than the corresponding changes
previously observed during continuous exposure.

average changes in ERG b-wave amplitude and rvc are shown in
appendix Figure 20 for the a subjects who were intersittently
exposed on the 30:10 oxygen:nornoxic sequence. The pattern of
results found in this series of exposures differs significantly
frog that found during either continuous exposure or the 60:15
intsrnittsnt exposure ssrioe. In contrast to the progressive
decrements in both rvc and End b-wave aaplitude that_were
observed previously, average PVC on the 30:30 sequence reached an
average decrement of 6.0% at B-0 oxygen hours and than
essentially plateausd during the remainder of the exposure. while
the ERG b-wave asplitude actually recovered to an average
decrement of 1.3% at the end of exposure after reaching a maximal
decrement of 10.51 at 0.0 oxygen hours. Possible mechanisms for
the apparent partial recovery during continued intermittent
exposure will be discussed below.

IEI1DIi2D_EI_QHI5lH_IQl1IiHE1_EHcIhl_lQili_QlIH!fllHflIlQ£i5
EHHHIHEI

Average changes in both ERG b—wave amplitude and FTC for T
subjects exposed continuously to oxygen at 2.0 ara and for the a
subjects exposed intermittently on the 60:15 sequence are shown
in appendix Figure 21. The data reflect increased tolerances to
both visual and pulsonary effects of oxygen toxicity in the
subjects who were exposed intermittently. although the
horizontal distances or exposure durations between the curves are
roughly similar for corresponding effects, it is not lixely that
degrees of oxygen tolerance for a single pattern of intermittent
exposure are truly egual for the observed visual and pulsonary
effects of oxygen toxicity.

Local differences in blood flow and metabolic rate cause the
oxygen tensions to very widely among different tissues and organs
for any level of inspired P0; £3,231. In addition to local
differences in oxygen dose, the nature and capacity of
antioxidant defenses are also likely to vary at different organ,
tissue, or even cellular sites. For example, results of the
previous continuous oxygen exposures of Predictive Studies v have
shown that EHO b-wave amplitude and peripheral visual field ares,
both visual functions that originate in the retina, are impaired
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at different rates during oxygen exposure at both 3.0 and 2.0 are
{ll}.

During internittsnt exposure to oxygen at any ambient
pressure, the cyclical insertion of recovery periods ilpoees
another level of complexity by superisposing the influences of
varying rates of recovery in different organ systess and froe
different effects of oxygen toxicity [21]. average date froe the
30:30 intermittent exposure series {Appendix Figure 201 indicates
the possibility of yet another level of complexity related to
stabilization or actual reversal of soes toxic effects while the
oxygen exposure is still in progress. For all of these reasons,
degrees or oxygen tolerance extension for a single pattern of
intermittent exposure at a given oxygen pressure are likely to
vary for different toxic effects and among different organ
systeea [:3].

rx1ansien_e1.Qxxesn_Iulsranes_en_ins_inil0_saxsanire:nexie
incense _

With respect to the d0:l5 oxygen:norIoxic sequence, the
30:00 sequence halves the toxic oxygen period and doubles the
noreoxic recovery interval. fin the basis of general principles
of oxygen tolerance extension by intereittent exposure, end in
egreeeent with results of the 00:15 exposure sequence and the
extensive anieal studies that were ccspleted previously under
this Proqrae, it Has anticipated that visual and pulmonary
effects or oxygen toxicity would he undetectable or seall in
sagnitude throughout the 15.0 oxygen exposure hours that were
planned for the 10:00 sequence [total exposure duration of 10.5
hours}.

During the interlittent e osure of the first subject to he
studied on the 30:30 protocol,:lt was therefore surprising when
both EHO h-Have esplitude and vital capacity decreased at faster
rates than those found during the previously coepleted ao=is
exposure sequence. This unexpected observation led to the
decision to terminate the first exposure of the new sequence at
13.0 oxygen hours rather than the planned 15.0 hours. since this
decision had to be made in advance in order to complete all of
the planned measurements, it could not be readily changed when
the final exposure measurements shoved partial reversals of both
visual and pulsonary effects of oxygen toxicity. However, the
next 1 intermittent exposures were all continued for the full
15.0 oxygen exposure hours. he stated previously, the last
exposure was also stopped at l3.0 oxygen hours when the subject
becaee extremely anxious in association with chest tightness and
dyspnes.

Although the hiochesical sechenises responsible for
extension of oxygen tolerance by systematic alternation of oxygen
and norsoxic exposure periods are not known, it is likely that
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partial reversals of toxic effects during the ncrsoxic recovery
periods play a najor role. The aninel studies performed during
the early years of this Program shoved that essentially complete
recovery from each successive oxygen exposure period could be
provided by selecting appropriate lengths for the alternating
oxygen exposure and normoxic recovery periods. However, the use
of survival time as an index of oxygen tolerance. although useful
for statistical validation of effective intermittent exposure
patterns in large numbers of rats, provided limited insights into
possible mechanisms for the observed benefits.

The observation that initial decrements in rvc and ERG b-
wave asplitude were stabilised or partially reversed during
continued intermittent oxygen exposure on the 30:30 sequence
(appendix figures l5 and 11] indicates that during the final
hours of exposure the degree of recovery that occurred during
each normox c interval sust have equalled or exceeded the
cumulative toxic effects caused by the preceding oxygen period
for both visual and pulmonary manifestations of oxygen toxicity.
These apparently enhanced capacities for recovery froe oxygen
poisoning were not evident during the first e to 10 hours of
exposure {expressed as cumulative oxygen time by omitting the
intermittent periods of normoxial when the degrees of visual and
pulsonary oxygen tolerance extension provided by the s0:l5
exposure sequence were overtly equal to or exceeded those
provided by the 10:30 sequence.

It is important to recognize that the decrements in visual
and pulmonary function that were saasured during the 30:30
intermittent exposure pattern exceeded those associated vith the
ao=1s pattern only vhen both sets of data are plotted against
cumulative oxygen hours of exposure. When the observed results
are plotted against duration of exposure expressed as real time
by including the cumulative nornoxic intervals. the average
decrements n visual and pulmonary function associated with the
30:30 pattern are smaller than the corresponding decrements for
the 00:15 pattern at any selected duration of total exposure
time (appendix Figures 21 and 23}. This is as expected, because
it is inconceivable that the 30:00 intermittent exposure pattern,
which halves the oxygen exposure period and doubles the noreoxic
recovery period vlth respect to the 60:15 pattern, could produce
greater degrees of oxygen poisoning at any duration of real tine.

 
l 

It is now vall established that exposure to hyperoxia
increases the rates of production of active species that are
concurrently opposed by a variety of antioxidant defenses
{34,25]. at a sufficiently high oxygen pressure andfor for a
sufficiently prolonged duration of exposure, oxidant damage to
cells and tissues occurs when antioxidant defenses are



ovarwhalaad. Poriodio interruption of oxygon oxpoauro by
raatoration of norloxia ahould allow antioxidant dafanaoa to no
naintainad or pcaaibly cycn enhanced.

Frank at al [26] found that tolaranca to oxygon oxpoauro at
1.0 ara could ha qraatly inoraaaaa in rat: by a "typo" of
intarlittant axpoaura in which tha rats Hora Inpoald to onyqln
for ll houra, raturnad to air for 12 to ii hcura, than raaapoaad
to oxygon for 72 to lfia additional houra. Whereas continuoua
oxygon oxpoauro for 72-15! hour: waa lothal for all control ratl,
tha pra-axpcacd rats survived tha additional oxpoauro with only
alight pulmonary odana. Tho incrcaaad cxyqan tolaranca waa
aaaociatad with atatiatically significant increnenta in pulmonary
conccntrationa of luparorida oianutaaa, oatalaoo, and qlutatniona
parcxidaaa.

Harahin it al {E11 otudiod tha roll of antioxidant anryaas
in tha incraalad oryqan tolaranoo afforded to guinaa pica and
rata axpcaad intarlittantly to oxygon at 2.8 LTA in a cyclo that
altarnatad lo-ainuta oxygon porioda with 2.5-ninuta intorvalo of
air braathinq [D.59 ATA P03}. Intarflittant axpcaurc
aiqnificantly inorcaaad convuliicn and auryiyal tilaa in hcth
apaciaa. Brain antioxidant anayna actiyitiaa Nara not
significantly incraaaad in aithar apocioa. Lung auporonioo
aiaautaaa activitioa unra significantly incrlaaad during
intaraittant Ixpolura in both opocioo and woro also inoraaiad in
tha rat during continuoua oxpoauro. In tha guinaa pig,
actiyitiaa of qlutathiono poroxidaal in both lunc and brain, and
lung catalaaa actiyitiaa uara raducad further durinq oontinuoua
than durinq intlrmittant axpolurl. hi indicatod by tho authors.
thaaa coaplax roaulta did not fully axplain tha cbaaryad
incraaants in oxygon tclaranca. Only ona pattarn cf intlraittant
axpoaura was atud ad at a ainqla praaaura.

our raaulta appaar to inoicata that tha 6o:15 aaquanoa
affordod qroator protoction of oxygon tolaranoa than tha 3o::n
loquanca during tha initial hour: of intlrnittont aapoaura, but
ovantually hacala oyarvhalmod as tha oxpoauro continuad. On tha
othar hand, tha 30:30 aaquancc Hal ralatiyaly inoffactiva
initially. but than bocaao auffioiantly affactiva to atahiliaa or
ravaraa aarliar dacraaanta in both viaual and pulmonary function
durinq the final hours of intornittont oxpoauro. It is of
intaraat that tha changaa in ERG hnwaya aaplituda appaarad to
ohou thaaa affacta nora clearly than concurrant chanqaa in Fyo.
Thin lay raflact tha fact that tha ERG b—Haya rapraaanta a
conpcsita raspcnac cf two ratinal coll typos {bipolar and glial
calla), whiia tha chanoaa in rvc ara probably nora oonpla: and
can bo influonood by aoro variables.

Una pcsaihlo intarpratation of our raaults can ha baaad on
tha hypcthaail that artanaicn of cxyqan tclaranca by intarlittant
oxpoauro dapcnda not only upon cyclical porioda of rcccycry from
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oxygen poisoning, but also involves the concurrent augaentation
of antioxidant defenses or some other means of oxygen tolerance
enhanceeent. Previous anisal studies have shown that antioxidant
defenses can be enhanced by sufficiently prolonged exposure to
toxic, sublethal levels of hyperoxia (23,29). It is possible
that the 60:15 interaittent exposure pattern, by virtue of an
inherently greater level of toxicity, initiated the enhancement
of antioxidant defenses at an earlier ties than the ao=:o
pattern, but was unable to sustain the level of production
required for continued protection. If the proposed hypothesis
can be confirsed. it say be possible to increase the benefits of
intermittent exposure by selecting appropriate patterns for
different parts of a prolonged exposure, or by basing the choice
of a single pattern on the expected duration of exposure.

Ws 
optimization of oxygen tolerance extension by intersittent

hyperoxic exposure will provide prominent and perlansnt
enhancesent of Havy Iission in diving operations, decompression
sethods. and hyperoxygenation therapy. The research results are
relevant to both procedure and probability of success in all
forts of Navy diving. Extension of CH5 (visual) and pulsonary
oxygon tolerance to increased oxygen pressures relates
specifically and critically to both safety and operational
effectiveness in undersea operations. as well as to isprovelent
in therapy of gas lesion diseases. although extension of oxygen
tolerance by intermittent exposure has been studied only at rest
to date. concurrent studies indicate that the adverse errects or
exercise on oxygon tolerance nay be avoided by preventing the
hyperoapnia and associated increments in brain blood flow and
oxygen docs that occur during oxygen breathing at increased
anb ent pressures can}. Validat on of this working hypothesis
will provide a basic for extension of oxygon tolerance during
exercise as well as at rest.

our results show that both visual and pulmonary oxygen
tolerance can he extended significantly at 2.0 ATL by syotcnatic
alternation of oxygen and noraoxic exposure periods. They also
Show clearly for the first tine in man or in animals that early
toxic effects on the eye and lung can be stabilized or Eivjfllfl
it llllfi partially during continued ihtersittent exposure with an
appropriate colbination of oxygen exposure and norsoxic recovery
periods. The extents to which such reversals will occur at other
oxygen pressures end with other effects of oxygen toxicity remain
to be detersined. Elucidation of the sechaniscs for such
responses should provide inforsation that can be widely exploited
in the development of more effective leans for extension of
oxygen tolerance than those that are now available.
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App-indix Tabla 1

IHTERHITTIHT DHTGEH EIPOSUHE PITTERNS FOR
OPTIMIZATION OF OXYGEN TQLERAHCE EXTENSION IN RLTS

ca, zzmusumz
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Appindix Tabla 2

IHCREHEE IN HEDILH EUHVIVLL TINI WITH INCREISING DURHTIDN OF
NDRNDRIC INTERVAL DURING INTEHNITTBNT DKYGEN EXPOSURE IN RATE

C5 EHPOSUHE SLDFE 0? HEDINN 3UHVI?lL TINE INCREHENT

{ATA} [Min] [Hours par Hinuta at Hurloxic Intnrvllj
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Applndix Tabla 9 (1 nf 2]

IIIICTI DI IITIIIITTIIT DIIGII IIPDIURI IT 2.0 III
OI PUIIUIIII I'UI'0"1'IOI Ill III

$0115 0IYGII=IOIIOIIO BIQUIHEI

PDST P05T*FEE
EXP EXP FEE n

Ilui vital flnplnity
[Ll

7
5.15
0.50
0.21

E
5.20
0.45
0.18

2
1.30
0.65
0.25

6
4.62
0.40
0.19

T
-D-0 50‘

0.05
0.17

E
-0.59*
Di‘?

0.10

Iiplrltury llllrvi Tblull
{Ll

T
1.05
0.30
0.11

E
1.82
0.10
0.16

Difflrencl from control statistically significant by paired

T
1.95
0.19
0.15

6
1.95
0.42
0.1?

t-tilt fip 5 0.05].

T
0.09
0.2]
0.00

E
0.14
0.21
0.0!

PRE PGST POST-
HIP EXP FEE n

Innpirntnry filpacity

T
3.49
0.52
0.20

6
3.10
0.12
0.19

(L1

T
2.05
0.83
0.31

6
2.65
0.10
0.20

T
-0.£3*
0.41
0.15

5
+0.12:

0.2?
0.15

Intil Lung Olplci I-1'
IL]

1
6.13
0.70
0.25

E
6.02
0.69
0.20

T
5.40
0.52
0.31

6
5.14
0.29
0.32

1
-0.0-5'

0.00
0.15

5
*0.EBi
0.4]
0.13
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lirlly lnliltanul
Ian I§QfL;ll:J

T Y
2.07 2.11
0.40 0.52
0.15 0.20

5 6
1.95 1.94
0.23 0.30
0.09 0.12

T
0.04
0.20
0.07

6
-0.01

0.19
0.00

I-

I.-.|l.fll.|l III NI.-I-I01

5
44.0
10.4
4.?

0
35.3
20.0
0.2

5
33.2
21.0
9.6

0
'0-.4

24.0
9.0

J
-10.3
20.0
11.5

lpiflilfi Lung Cnlplilncl

T
0.139
0.032
0.012

5
0.144
0.032
0.013

I1-NI 1,11/I-1
2

0.112
0.032
0.012

E
0.114
0.034
0.014

7
-0.

0.023
0.009

E
-0.029*
0.025
0.010

' Diflnrlncl from control utntilticnlly uiqniticant by plirld
t-tlst [P S 0.05].
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Appendix Table 11

IIPIOTl 02 IHIIIIITIIIT 0ITOII B11000]! ll 2.0 Ill
0I IIIIIIIIUIT IID IIILIIIL IUIELI ITIIIBII

PRE

00:15 UIIGIIIIDIIDIIO BIQUIICI

PDGT POST- PRE PDST POET-
EIP HIP PIE 1 EIF EXP FEB n

Inlinun inspiratory Illllflll ion I541
it looiiual Iblulo It Iuautionnl III10fll1

Blplcitj

T
134.3
41.3
15.0

6
144.1
35.3
14.4

T
109.2
14.5
13.0

6
113.5

35.?
14.0

T 2
*25.1 119.3
42.0 49.5
15.9 10.1

6 5
-30.6 120.0 104.1
43.2 49.5 34.4
17.0 20.2 14.0

It Intll Lung Capacity

T
121.9
41.0
15.0

5
133.0
42.6
12.4

III

0'9‘? IIIfll0.2lI'I-I

6
51.7
4.5
1.0

T T
110.6 -17.4
30.0 33.7
11.7 12.0

6 0
111.5 -22.2
33.7 34.2
13.0 14.0

.5.

I-lfifl

53

H.l@°' o-.1

EDEN

QIDWM

Illilu Illflqrlp
strength {Iii

HIE!‘-'

Hfllfi

LI‘-.l'-.l‘-.l

U-Ufifi

T
99.0
33.3
12.0

6

Il.'I.1Il.I Iapirltory Proaruro In I10}

2
-19.4
44.9
12.0

6
-22.7

40.2
19.7

it Functional Iliiduil
fllplultj

T
124.0
42.?
10.1

6
131.?
41.0
16.0

T
96.4
43.6
10.5

6
97.2
42.0
19.5

T
-21.0
40.0
10.1

0
-34.5
40.5
19.0

Duration Io: lit Illllfll

T
31.2
10.6
7.0

6
35.]
10.5
5.0

T
23.0
10.0
1.0

0
26.5
10.5
1.0

niftnrence from control siqnfioantly aignifioant

lnnflqrip lino:
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Appendix Table 13
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STHRT EHO FDST EID- 005T-

EIP EXP EIF START PRE
2 ITA 2 ATE 1 ATI 2 LTR 1 lTl

?1IuI1 blqit Ipln Tilt 0! lhort iorl Ionorj lhllity

I
IEHI
$0
SEH

I-"

I-I-i.fi|-I -I-UIIHDI

tflorroot loopooooll

H

I-ll-kl III 01!.-1010'!

I-I

H-Ii-hl .|.D|.l1f\II\

|.|.l

I-Ill-F1 0.1I.I1l'.'lI-0\

I

H1043 IM-I01 HUI-I ...Ml-Q01

III Inllrtion root of lingo: Dlltlrity Lhilitj
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IEAI 05

|I4II0.3 lli fill‘--|'0'\

S0
SEN

Oporltiono Tijt

lflorroot lllpoollli

‘LII -L0Uh -InI Min IL.-.l'lO'l.'.'l' '0-Ii '01lHl\.l0l H-J II- I-"l.flFl

6
52.0
11.5
4.7

52.? 49.2 - -13.5*
0.0 10.2

of Iuhlr II0111tI Ind flonorll Iooaooinq 10111:]
lflorroot Roooooooo - 1J3 {IIootroot loiponllllj

Q

H“ III4.01-135.001

I
I00
50
SEI ll I LI

‘I-1

‘l.-l'\§0-I ill-0'\I|.I-0\

@

\-I4"-|\D 4-I+i-"H-|'0’l»0'|I lI24.|l4.I|' 1-1-.|-0\\00\0'|I Ht!-G III$@'F'@

5
60.6
11.1

Iiooll Roootion lilo toot ot lolponao lpood lhilitj

I 6
IEIH 0.203
50 0.013
SEN 0.00?

i Dilforonco
t-toot [P 5

llooondll

6 6 6 6 5
0.304 0.292 0.310 -0.013 0.034
0.022 0.032 0.047 0.021 0.03?
0.011 0.013 0.019 0.009 0.015

Iron control Itntlltioolly Iiqnifioont by poirod
o.o5;.
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Appendix Table 14

PRE START EHO POST END-
IIP II? BI? EXP STEHT

1 ATA 2 LTL 2 LTL 1 iTh 2 HTL

Iilflll lwukld lllpunli ltltlnnf. lllul

6
100.2]

1.10
1.42

G
10.16

104?

0.60

U-UH 1|0|0| hflfllflfli

203:0
20;2:
20;20
20320
20:20
20125

lnnullulltiun llunrpuint. uni

0
100-42

0.05
3.55

5 0 B
10.45 1U.l2 10.33
1.36 1.51 1.3?
0.56 0.52 0.55

Pupil uillatnr [Ill

1.5
0.7
0.]

20:20
20325
20320
20320
20:20
20325

can I-11- Ufllflfll Dfllnl HUWM

Iinuli Inuit}

20120
20320
20120
20;20
20120
20125

20220
20;20
20:20
20220
20120
20120

B
0.03
0.25
0.10

I

DI-IO LII-'1-'5!

DIFFERENCES
POST-
FEE
1 LTH

G
-0.32
5.91
2.02

6
0.17
0.16
0.19

@435 |0IIII-ivfllfln

* Ditternnce Iron cnntrnl statistically significant by pnirad t—test
[F 5 0.05}
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Appendix Table 19

IIIICTO OI IHIIRIITTIIT UIIGEI IIIOBUIE IT 2.0 IT!
OI IULIQIIII IUIGTIOI II Ill

30130 BIYGIIIIURIDIIG BIQUIIEI

FEE POST POST-
EIP EIP PR! 0

liar Vital capacity
II-I

E 5 0
5.35 5.02 -0.344
0.00 0-B5 0.32
0.39 0.35 0.13

Ispirntnry lnalryn Talus:
(Li

6 6 5
1.52 2.00 0.1?
0.43 0.4? 0.25
0.10 0.10 0.11

00 Diffusing clpsnity
illfflfljnn Iqjninl

0\
I.-I

lhl'0\'|-|' fiml-|'4'.l'\ DI-I 10 Q-I-I‘fli

H

IU-.l.h ND-J

-1_Ti

liriay lalistancl
(cl B2121 Ljslul

B 5 0
2.55 2.45 -0.20
0.24 0.00 0.33
0.30 0.30 0.13

PRE PDST P05T-
EXP ZIP FEE 4

Ins§itlt¢ry Capacity
[LI

5 6 E
3.43 2.01 -0.52‘
0.50 0.42 0.2?
0.24 0.1? 0.11

Total Lunq Elplcity
(Ll

0 5 0
0.27 6.23 —0.04
1.1] 1.09 0.23
0.46 0.44 0.10

Dlnlity Dlpinfllhfil at I100
it 2 inns":

I-F

Fl: LII-:00'1 I-IL-} I-0!- HLJU’! I-IIU I-I-\Jl,I l\.‘I'l.lL1\U'I-

50.0 45.2 -

lpiuifn Lunq 0000110000
mum 0,011.1

G 0 6
0.115 0.009 -0.02?‘
0.032 0.030 0.011
0.013 0.012 0.004

Dittarance irnl cnntrul statistically significant by paired
t-tint {p 5 0.05].
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Appandix Tabla 21

IFIIEIB 0F IITIIIIITIII OITQII IIPDIUII IT 2.0 Ill
DI IIIIIIITDII llfl IIILIIIL IIICLI IIIIIGII

20130 OIIUIIIIUIDIIC IIQUIICI

FRI POBT POBT- PR2 PDBT POST'
EXP EXP PR2 0 EXP EXP FRE 0

Iasisu Iaapiratory Iraaaura tun I101
It laaiflnal Ialula it Iunutinnal Ialiflflal

capacity
6 6 6 6 6 . 6

123.0 -10.5
12.2 22.2 30.0
5-0 0.1 12.3

146.5 119.4 115.4 *4.0
21.5 22.! 23.2
0.0 0.2 9.5

Nazism Ispiratnry Prasaura lfll I10:

at Intai Lug capacity

6 6 6
137.5 113.1 -24.5
30.3 26.2 36.1
16.0 10.2 14.?

Iaaiaua Ianaqrip
ltraaqta 1:01

I.-IN l.|-l'l'0'Ui-

-I

401-'-.13 I-IID-F-10\

4

I-II-HI III0IO0\'0\

LI O l.Il

it Iunntinnal Raaiflnai
Gliluity

6 6 6
131.6 116.3 -15.3
20.4 35.6 21.3
12.0 14.5 6.3

Duration I0: I04 Iasiiu
Ianflqrill lilac}

6 6
42.? 35.3 -
24.2 11.4
9.0 4.6

lul-

HI!-*'-l E-Dal-fli

Diltaranca from control siqnlicantly significant by paired
t-tast [p s 0.05:.
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