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INTRODUCTION
Oxygen (Oz) enriched wixtures are used in many routine operatiomal
settings, and breathing 100X 02 is an integral part of U.S. Navy recompression

tables. The physiological and operational advantages of 02 usage must be

carefully balanced againat its potential hazards, the nature of which depend
on the partial pressure of 02 (Poz). At dry ambient pressures greater than
approximately 3 ATA, exposure to 100X 02 produces a variety of central nervous
system symptoms; exposure to lower pressures facilitates a slower toxic
process that produces lung injury.

In 1970, Clark and Lambertsen suggested that decreases in vital capacity
could be used to predict the onset, rate of development, and degree of
severity of the toxic process in thc lung caused by 02 exposure. They
developed a predictive graphical model relating P0 » time of exposure, and

?
toxicity expressed as a decrement in vital capacity (VC). Subsequently,

\

Bardin and Lambertsen (1970) developed a mathematical description of this

graphical process. This mathematical model had some minor complexities that

sade on-site calculation inconvenient, o they developed an equivalent dose

concept: the Unit Pulmonary Toxicity Dose (UPTD). Thise concept permitted

calculation of predicted effects from cuwulative 02 exposures. We will

examine closely the derivation and usefulness of the UPTD, which is currently
. used in the U.S. Navy. Recause this ig based on the measurement of vital

capacity, we included an extensive review and summarv of these data.

BACKGROUND

In Navy operations, pulmonary 0O, toxicity becomes a risk during long

2

saturation dives or decompression procedures where it is desirable to maintain
02 levelg as high as possible, and during long or difficult treatments of

decompression sickness. Currently, for saturation dives, chamber P0 of 0.4
2
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ATA is recommended siwmilar to the clinical setting where a PO2 of 0.4 ATA is
considered safe for indefinite exposures, while a P02 of 0.6 to 0.7 ATA is
considered acceptable for 24 h., Recowpression treatments are carried out at
60 fsw (2.8 ATA), followed by sowme time at 30 fsw (1.9 ATA), and consist of
Alternating exposures of O2 and air. United States Navy Recompression Tables
S and 6 (U.S. Navy Diving Manual, 1978) are similar, except that Table 6,
designed for treatment of more serious decompression sickness, has one extra
20 min 02/5 min air cycle at 60 fsw, and two 60 win 02/15 nin ajir cycles at 30
fsw instead of one 20 win 02/5 min air cycle. Table 6A is uced for treatment

of air ewbolism and adds a 30 min air exposure at 165 few that exposes the

patient to a PO of 1.05 ATA. The Manual states that extra 02 exposures wmay
2 !

be added at each of the stops and, in fact, extension or repetition of the
tables is determined from the patient's‘response by the Diving Medical
Officer, Before extending the tables, the physician will often refer to the
UPTD for guidance when there is a3 councern about the development of pulmonary
02 toxicity.

Toxicity: Animal Studies

Evidence of Pulmonary 02

The fact that 02 exposure is potentially very harwful to the lungs of
animals and man was observed about 100 vears ago, yet 02 toxicicy rewmains a
challenging clinical and physiological problem. Until recently, most
information was derived from survival or histological studies. Small mammals
such as dogs, cats, rate, guinea pigs, and wice rurvive approximately three
days on O2 at 1 ATA, while primates tolerate seven to 14 day exposures. The
first thorough serial study of lung pathology was done with rats (Kistler,

Caldwell, and Weibel, 1967), and revealed a progressive thickening of the air-

blood barrier, due primarily to interstitial edema, followed by interstitial

accumulation cof cells and fibrin strands. The endothelium sustained the




earliest and ultimately the most severe damage, while the epithelium was
largely spared. The lungs of primates and ventilated human patients undergo
gimilar changes (Kapanci et al., 1972; Barber, Lee, and Hamilton, 1970),
except that there is destruction of Type I epithelial cells followed in time
by a proliferation of Type II epithelial cells. These proliferative and
fibrotic changes are reversible over two to three months if the primates are
first gradually weaned off the high 0, tensions (Kaplan et al., 1969; Kapanci
et al., 1969; Wolfe et al., 1978).

Although these histological studies suggested gradual impairment of
diffusing capacity and perhaps of gas exchange, recent animal experiments
(Harabin and Farhi, 1978; Matalon, Nesarajah, and Farhi, 1982; Harabin, Homer,
and Bradley, 1984), not confounded by anesthesia, mechanical ventilation, or
restraint showed that progressive hypoxemia did not occur, While there were
terminal alterations in gas exchange, it was difficult to ascribe hypoxemia as
the cause of death.

Several animal studies have been conducted to determine whether lengthy
exposures to moderately elevated Poze produced pathological changes, and it
appeared that these exposures were not wlithout effect. Total lung capacity
decreased 157 in rats exposed to 60% 02 for seven days due to decreased lung

compliance (Hayatdavoudi, 1981). These animels' lungs showed significant

histological changes, including edema, decreased alveolar air volume,

increased numbers of alveolar macrophages, and decreased endothelial volume

DALY

and thickness. Lungs of rats exposed to 50% 0, for 90 days showed increased

"o* Py

2

numbers of vesicles, fluid accumulation, and platelet aggregates (Harrison,

1974). Finally, rats exposed to 33% O, for up to two weeks lost weight, had

2

decreased pulmonary surface area for gas exchange, and had increased numbers

'\dr?."f"

of eosinophilic granulocytes (Kistler, Caldwell, and Weibel, 1966).

{
1
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Evidence of Pulmonary 02 Toxicity: Humsvn Studies

A limited number of studies have documented the pathogenesis of pulmonary
injury inr normal men exposed to 02 for 6 to 74 h at pressures ranging from
0.83 to 2.0 ATA (Caldwell et al., 1966; Clark and lLambertsen, 1970; Clark and
Lambertsen, 1971a; Comroe et al., 1945; Dewar et al., 1972; Dolezal, 1962;
Fisher et al., 1968; Ohlsson, 1947; Puy et al., 1968; Van de water et al.,
1970; Widell et al., 1974)., Strong subjective aymptoms of pulmenary 02
toxicity developed in most men after 6 to 14 h at 1 ATA with shorter po...'-
029. and increased severity as exposure was leongiliern-d,

The clinical manifestatfons included sore throat, substernal pain, coup.in:,

of latency at higher P

(particularly upon deep inspiration), headache, anorexia, and paresthesias.

In studies that will be desrcribed in detail later (Comroe et al., 1945
Ohlsson, 1947; Caldwell et al., 1966; Clark and Lambertsen, 1971la; Dolez.),
1962) vital capacity decreased. In two other studies conducted for 5 tn £ !
at 2 ATA, vital capacity decreased by O and 1.5%, respectively (Dewar er aj.
1972; Widell et al., 1974), Carbon monoxide diffusing capacity (DLCO) f.}:
two studies (Caldwell et al., 1966; Puy et al., 1968); ove study conclude.
that the membrane component was responsible (Caldwell et al., 1966}, while: o'
other fecund that pulmonary capillary blood volume had decreased (Puy et a..,

1968), Alveolar-arterial 02 gradients do not appear to change consnistent’;y

throughout 02 breathing (Clark and Lambertsevn, 1971b; Puy et al., 1968; - -
et al., 1972). Af{rway resistance was shown to increase by 30% (Dewar et -1.. J
1972) or by less than 18% (Fisher et al., i970). Reports of the effects ou

ventilatory frequency conflict (Ohlsson, 1947; Dolezal, 1962). Physriologtr

pulmonary shunt, cardiac output, extravasgular lung water, and pulmonary

artery and systemic blood pressures were also not affected substantially ' . :

ATA 02 exposures that did not produce symptoms (Dewar et al., 1972; Van de

. - s P DR S s a e W S gy €y s o L
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?? vater ot al,, 1970). Any documented changes that occurred were reverafble,

%ﬁ although recovery time varied from ismediate to as long as two sonths,

;f While it is thus clear that exposure to 100% °2 has the potentisl to

é{i produce pulmonary damage, questions whose snevers are less clesr inelude the ﬁ
3\‘ following. How much 02 exposure results in {rreversible dsmage?! Vhat Po,li
;{ N safe for long exposures? 1s the Navy's choice of 0.4 ATA optimel! If the

ﬁ; concentrstion of 0, must be incressed to 1002 betwveen | and 2,0 ATA, what

.ég . length exposure is safe? Aside from intermittent exposure, are thare ways

‘? thst pulmonary o2 toxicity can be prevented ox smeliorated?! What s the

géy optimum intermittency schedule? Concerned with anavaring sose of theee

?ﬁ questiona and huving ravieved moat of the literature deasriVved aheve, Clarh
ae and Lembertsen (1970) proposed that change in vitsl capacity was the sent

ﬁk; reliable index of pulmonaty oz toxicity for addreaning some ef thens ftssuen,
' Vital Capacity as an Index of Pulmonaty gz_'_rmmy

o There are four major humsn studies in vhich victal capasity van mesovred
:?: serially throughout continuous oz sxposures of aignificant length, In 1047,
i Ohlsson studied six subjeccs who breathed 80-08% oz at | ATA, and tus sonivel
;? subjects vho breathed a Poz betwvean 0,21-0,3% ATA, Ve entracted the dats free
ft, the figures in the paper; these are included in Table | and pletted ae rav

;, data and percentage changes in Fig, 1. Four of the aix aubjectn dovaleped

'3? ) sysptonms (headache, aubsternal distress, paventhenina) after 6 to 24 K,

? é In 1966, Caldwell et al. atudied four subjectn, sach af vhen vae

hri subjected to 30, 48, 60, or 74 h of 0,98 ATA 0, at atmospherie prosaure,

' } These data (also extracted from figures in the paper) are shawn n Takle 7 and
R E Fig. 2. The suthors claimed s fifth control aubject had nn changes In vitel

- -
.’..

cepacity, dbut there vere no aupporting data.
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TABLE 1

Ohleson (1947) Rsv Vital Capacity Measured in Six Subjects

Cxposed to PO of 0,83 ATA
2
1 fine Subject
[{)} . 2 3 4 S 6 7t 8t
° ,". ‘07 ‘0‘ 408 5.2 a'l 506 608 -

60 53 46 A8 4 S22 4 5.8 49
% %2 46 48 4.8 5.0 4.0 5.6 5.0
64 9.0 &8 66 42 46 3.6 5.6 4.8
190 48 &2 47 W2 46 3.2 5.4 4.9
2 9 A6 &S bl W6 3.6 S 4.7
WA Wb 46 66 3B 46 3.6 5.5 4T
M4 66 &6 b8 36 46 37 5.6 5.0

.4 4,0 6,0 6.2 3.8 4.2 k) 5.6 -
") ’00 (] ) 'Y 3.7 3.8 3.7 5.5 5.0
'Y ] 6,0 6 4,4 3.8 3.5 3.5 5.5 4.9

7 3
y tere,
Wajocio 7 and § vore concrol subjacts who breathed 0.21-0.35 ATA O,,.

2’
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Fig. 1. Effect of exposure to 0.83 ATA 0, on human vital capacity as reported
by Oblsson (1947). Top panel shows raw d%ta (1o licers) as a function of
time; bottom panel shows dats expressed as % change from the control value.
Each line represents the time course for an fndividual subject (a = §).
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Time

(o)
-84

=72
-60
-48
=36
-24
-12
0

8
16
20
30
32
42
48
52
60
14

Caldwell et al. (1966) Rawv Vital Capacity Data Measured

TABLE 2

Four Subjects Bxposed to Poz of 0.98 ATA.
Subject
1 2 3 4
- 6.1 - -
- 5.8 4.1 -
- 6.0 4.2 -
5.9% 5.5 4.2 -
6.0 6.1 4.4 -
6.1 6.1 4.4 5.6
6.3 6.0 4.4 5.6
6.2 5.9 4.3 5.5
5.8 5.5 4.2 5.3
5.5 - - -
- 5.0 4,1 5.0
5.9 5.1 - 5.0
- - 4.1 -
5.4 - - -
- 5.2 3.5 -
5.2 - - -
- - 3.5 -
3.9 - - -

*Vital capacity is measured in liters.
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of time; panel B shows data expressed as X change from the control value,

Each line represente the time course for an individual subject (n = &),




Io 1971, Clark and Lasberteen (1971a) pubiished data from 13 subjects
exposed to 100% 0, at 2 ATA for tiwes vanging from 6 to 11,8 h, Exposures
vere teruinated vhen a "significant reduction™ in vicel capacity developed or
syuptous bacame severe., In 12 of 13 subjects, the first subjective symptome
developed 4n 3 to 6 h while the last subject was sywptom free for 8§ h, All
subjects had chest pain, all but one coughed, most ware very fatigued,
nauseous, and dyspneic, one had paresthesiss, snd tvo fainted. The vitsl
capacity results are shown {n Table 3 (Clark and Lawbertsesn, 1970) and Fig. 3.
Clark and Laubertuen sliminated subjects 12 and 13 from their analysis bacaune
the exposures were interrupted for 1-2 min every fev houre for DLCO
ssasurements. These subjects developed subjective and objective svaptoms of
0, poisoning, but the authors said these brisf interruptions “appesred to
have" delayed the onset of toxic effects. (We will analyze the sffect of
censoring the dats of thess two subjects)

Eckenhoff and covorkers (personsl co-uunicction)l recently coupleted a
series of 5 ATA air ssturation (AIRSAT &) dives st the Naval Submarine
Research Lsboratory in Groton, CT, in which serial vital capacity measuresents
vere aade in 12 experimentsl and six comtrol subjects. The dive profile, Pig.
4, shows that the men breathed 0.3 ATA o, Poz for the firet 12 h, 1.05 ATA 0,
for 48 h, and enriched 02 aixtures for another 62 h during decowpression,

Controls were treated the sams except that they were exposed to a P, of 0,3

0
ATA during the 48 h, The results of all the vital capacity lculurcuinto uade
in twelve experimental subjects are shown in Fig. S, Figure € includes only
the first 60 h of the dive (includes up to the 1.05 ATA 0, exposure seguent)
so that couparisons with data from Ohlsson (1947), Caldwell et al. (1966), and

1A11 references to Eckenhoff are personsl communications, thus only his nase

will be cited in successive text.
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TABLE 3

Clark ot al.(1970) Rsw Vital Capacity Data Measured in 13 Subjects
Exposed to L of 2.0 ATA
2

[

iue Subject
6 .

m L 2 3 & __ s 78 9 10 11 12 13

0 S.00 6.9 4.3 5.3 5.7 4.4 S.3 6.3 6.6 S.4 5.2 6.4 S.2
A | $.1 64 Ab = = o o = e o - 64 =
3 S0 6.4 4.2 8.3 87 - - - = = - 6.3 5.0
‘ $.0 6,4 4.2 S5.3 5.6 42 5.3 5.8 6.3 S.1 48 - -
s 49 61 43 - - .« e - - - 62 =
6 48 6.1 4.3 8.2 8.7 3.7 6.2 5.6 - 49 45 - 8.1
7 9 60 - - = 2,7 8.0 - = = = - 8.1
1.9 - e W
8 - 60 63 49 - 30 S.1 585 - 48 - - =
8.6 48 - -  a Sk = = e e e e e
9 47 5.8 4,2 49 - - 48 - = - 4.3 8.8 s.1
9.8 - - = = 83 = - - - - e -
103 - 87 - S0 $.6 - = = - 46 - 6.2 -
11 - - 42 49 - = e e e - - - sa
1.8 - T ST ¥ T S R A T R

#Vital capacity is weasured in liters.
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Clark and Lambertsen (1970) are simplified. The results from the six control
subjects are shown in Fig. 7, and Tables 4A and 4B include the raw data.

In 1945, Comroe et al, reported changes in vital capacity in groups of
men exposed to 100%, 75X, and 502 O2 as well as various schedules of
intermittent exposure for 24 h. They did not provide actual vital capacity
measurements. From the figures in their paper, however, we calculated the
mean decrements in VC for each of these groups, and these data are included irn
Table 5. In those groups that developed symptoms (Groups A, B, u. E, F), the
latency period ranged from 4 to 22 h with an average of 5.2 h, Subjects that
received intermittent exposures developed symptoms that were "reduced 1in

severity."

No specifics were provided about the types of statistics used to
analyze these data, but the clajws were made that the VC decrement in nco
exposed to continuous 100X 02 (Group A) was significant, that intermittency

did vot stay the development of toxicity, and that a Po of 0.5, with or

or without N2 diluent, (Groups C, H) was completely aafz. This study was
used as a source to justify a Po2 of 0.5 ATA as a safe exposure level (Claux
and Lambertsen, 1970). This inference apparently arose from the development
or nondevelopment of subjective symptoms only because the VC results are
inconclusive,

A number of other studies were conducted to determine whether long
exposures to only a moderately elevated P02 can be deleterious; these are
listed {n Table 6. (Control groups of Eckenhoff, and Ohlsson (1947) au'reecs
this same issue). Several studies (Morgan et al., 1963a; Morgar c¢ a'.,
1963b; Dubonis et al., 1963) included only measurements made before -4 aficr

experiments, while others included serial measurements (Michel et al,, 1960;

Morgan et al., 1961; Fisher et al.,, 1970; Fife et al., 1973). We re-expresses

16
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TABLE 5

Summary of Comroe et al., (1945) Study

] Number of Mean Change in VC (+SD) % Developing
‘;'; Exposure Subjects (ml) Symptoms
s A 1004 O 34 ~254 (£405) 82
B 75% 0, 9 -274 (£186) 55 :
¢ 50% 0, 10 -244 (%182) 0
- D ! minatr/3 h o, 7 -185 (£169) 86
E 5 oin air/3 h O, 7 -287 (£167) 100
Ry F 15 min atr/3 ho, 7 -104 (*184) 86
i G Alr 10 +210 (+380) 0
R
h B 100% 0,, PB=380 6 -97 (+188) 0
"
"-:' *All exposures lasted 24 h,
Poy
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TABLL 6

Ruman Vital Capacity Response to Low and Moderate Poz Exposures

Po PB Tine % VC (by Subj. Wo.)
2
(ATA) (ATA) (h) l i — A2 $ Refarenss
. 0.32 0.34 33 <2.9 =2.% 0.3 <6.3 - - Horgan ot al., 196)e

0.23 0.25 408 =~13.,7 «2.0 «5.8 =7.4 3,7 <12.3 MNotrgan et sl., 196
408 ~-12.7 3.8

0.23 0.2 2 3.4 - - - - =  Wovgaw ot al,, 196!
- - 48 - 7.0 - - - - -
- - 120 - «13.0 - - - - .
- - 192 - «10.0 - - - - -
- - 276 - =11.0 - - - - -
- - 846 -1.0 -10.0 - - - - -
0.3 0.3 336 0.6 6.1 1.5 - - - Dubotis et al., 194)
0.5 0.67 2 -3.3 =22,0 ~3.0 3,7 =2.4 3.9  Miehel ot 8d,, 1960
- - 43 0 -1509 0 ‘07 ’0' ’0’ -
- - 72 <3.1 =26.2 2.1 1.4 21,0 13.8 -
- - 96 -10.1 '2309 ‘oo 006 ‘30’ “0‘ »
- - 120 -106 "1‘06 20‘ 0.5 1002 lsol Ld
- - 11010 1.7 "2100 4.5 30. 10.7 l‘n‘ -
0.47 2.4 72 o] 0 ~10.3 = - = Tife st a3., 1973
- - 96 0 2.5 =10.3 - - - -
- - 120 202 -2 5 -300 - - - -
- - 144 2.2 <=2, ~3.0 - - - -
0.21 2.2 120 =3.3 5. 1.9 =3.4 - - Tiaher ot ol,, 1970
- - 2" "‘ol '002 60‘ -1.5 - Ld -
- - 4% =1.2 0.8 2.9 0.9 - . -
- - 62“ '5-3 2.1 ‘l’ -lol - ® L4
- - 792 5.9 4,7 3.2 3,0 - - -
- - 960 '1.7 6.2 3|’ "107 L - -
. - - 1123 '3'1 7.0 7!‘ Ocl‘ - L -
- - 1296 =0.2 5.2 1.7 0.} - - -

. 0.9 2.5 720 +3,1 +0.,3 - o » Doughersy ot o1,, 1978
0.58 2.8 6246 +5.9 +9,) - - - - NDougherty ot al,, 1978
0.9 2.8 168  =3,4 45,9 %,.7 - - - Dougherty ot al,, 1978
0.33 0.33 720 (nw4) - - - - . Robhartaon ot al., 1064
0.33 0.92 720 (n=4) - - - - . Robertaon at al,, 19A4
0.42 2.0 26 (nwl2) = - - . - NDougharty ot a),, 1968
0.48 2.8 168 {(nel) - - - - . Videall ot al,, 197}
0.21 4.0 336 (neh) - - - - - Wright ot al,, 197}
0.3- 31- 852= (5/17 decresnad) - - - lLumaire ot a),, 197)

0.6 61.6 744
0.50 45,7 266 (ne8, 5% decraane) - - - Hyacinthe ot al,, 198}
0.40 45,7 188 (n=d) - - - - - Rrousanlle, 19A?
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tha Pife ot al. (1973) dets as pereentags of change frorm the tirnt vitsl

capacity measured at depth as donse gas braathing eausnd an famediate

deerease, Trom this colleetion of enperiments, Po’ enpuryres ranging froem

0.21 to 0.48 ATA prodused 1icsie svbjnctive evidence of torictity, fSome pain

upon inspiration vas reperted after nine daye §n Lhe Mergan, et a1 (1961)

study, but this say have besr due te ths dry gas environment . Fisher ot al. .
(1970) c1ained that the dense gan ervirasnnent may hava 1ed te atrengthoning of
vent{latery sueslen and a oubuequent inereane in VC, but vwe bulieve the dote
did not atvengly suppert this 1des, Subjacte enpened tn 2 'Qa of 0,99 ATA
Michal, Langevia, end Gell, 1960) enpurfienied subntorral gl.&cn--: bagioning
en the seeond doy, Thie atudy aheved ar enrtmnie gesunt of variabiligy, and
the 16,6 and 218 (nereanen tn twve aubjucin' vital uapacity suggent that thess
aubjeetn may net have boon well tratned (0 Lhin manouver, Ve oncluded thase
date tram the final analyats,

Several of the entries (n Toble 0 (Rebarinen ot al,, 1904) Doughearty and
fahaslaor, 1968; Videl) st al,, 1973 Urtgls 58 al., 1973, tncluds ne
tndividual velues or any tndlestion of Individusl or grovp varisbility, The
asar values repuried all appeared atable, slthough thene vete nel uselul for
our anslysen, Lematre'e (1979) paper svsmarised the vrenultn of ofn ssturation
diven sondusied ot darenetria praasures ranging frem 30«01 ATA, vhere 'g’ ves
kopt batvaen 0,3 ond 0,40 ATA ot dopth and st 0,0 during desanpression, HNe
repurted that five of 17 aubjeste had "decvonnad" vita) sapacity, dbut ne
statintion wore pravided, fMyseintha, ot o) (1901) repnried that VC !
dectonnsd X (n oight oubjoacia onponed 10 o r",’ 0.9 ATA altor an 1} day
spturatinn ot 43,7 AYA, Rreunsele's (1VB1) final vepart an the kntew dives
(17 days asturation at 49,7 ATA, '0 ® 0.4 ATA) showed nn decrament in VC

!
tmmodiatoly aftor the dive and a I derresent after 40 h, The third SNAD dive

7




E‘ study cited by Dougherty et a1, (1978) included daily 8 h uxcursions to 100
fov on air, Alr at 100 fev results 1o & '°2 of ,64 ATA end yet these authors
. veported that Pozrcoehod s maximum of 1.79 ATA. They d1d not explain this
:% dincrepancy. One subject vae treated for decompression sickness (1.85 ATA 0,

for 40 uin) after wvhich his vital capscity dropped sbruptly by 28%.

Qualitatively, vitsl cepacity changes appesr to be ap extremely variable

%, . gesponse smong individusls. During 01 exposurs, vitsl capscity can remain :

N unchanged, changs gradusily aod stesdily, or drop suddeoly (Pigs. 1-6). The
results in Table 6 do not lend themselves to an immediste conclusion sbout |

Y vhet the typically sate ?oz exposure is, Chest psin 4s s characteristic

complaint remulcting from O2 exposure, and this raises the question vhether

changes in VC represent a change in effort msore than an underlying pulmonary

é disease process, 1In studies vhere VC decreased with 02 exposure, asnecdotsl

{ evidence vwan provided that the change in vital capacity did not correlate with
aubjective symptoms and, furthermore, that during recovery functional changes

R outlanted symptoms,

The reproducibility of the vital cepacity messurements is ususlly
considered to be in the renge of epproximstely 200 ml or to have s standard

deviation that in approximately 2.5% of the VC (Rahn, Tenn, and Otis, 1949;

R S

Pougherty et al., 1778)., Clsrk and Lambertsen (1971a) claimed & pooled 95%
confidance intarval of 60 m]l which was unususlly small, slthough how this
calculation was made was not spacified. Eckenhoff's control atudies

(7ig. 7) shoved the varistion obtained in normal men exposed to s P, of

2
0.3 ATA, vhile they perforsed multiple VC maneuvers over long exposures.

Although there wan no doubt thet these dats showed s differant trend than

)

those obtained in the axperimental group (Figa. 5 and 6), thare probably was a

amall (1:7%) decrement, aven with exposure to only s slightly elevated Po .
2
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If one accepts that the decrement in VC represents more than fatigue,
there remains disagreement about whethnr utelectasss or some direct lung
tissue damage is the mechanism responsible. Burger and Mead (1969) presented
) fairly convincing evidence for atelectasis. They showed that 3 h of 0.39,
Y 0.5, 1.0, or 2.0 ATA of 1002 02 altered the pressure-volume characteristics of

the mcus' lungs such that at high lung volumes a smaller pleural pressure
'}y : developed on the first pressure-volume maneuver, but this appearance of
oS reduced compliance was quickly reversiblé on subsequent efforts. This change
| {n lung mechanical property was documented as uncorrelated with chest pain.
e The subjects were encouraged not to sigh or breath deeply, and the
investigators found that the apparent decrease in compliance was quickly

reversible with subsequent full lung inflation. Eckenhoff's new data offer

3 conflicting evidence. His subjects had nearly 4 ATA of NZ diluent to breathe,
o't

o

'ﬁ? so absorptional atelectasis should have been minimized. These subjects had

significant decrements in VC (Figs. 5, 6).

;ﬁ Evidence for Tolerance to 02 Exposure

A final application of the vital capacity index is the detection of the

s

development of tolerance to 02 exposure. Several studies have shown that a

e
P )
- om -
- o .

degree of tolerance is acquired when exposure to 02 is intermittent. That is,

RS S
-

-
[

-

' -~

an animal will tolerate more total time in 02 when exposure is not continuous
iy but interrupted by periods of exposure to air or N2-02 mixtures. Wright et

A 4

e al. (1966) used powerful statistical techniques to show that 4 h of alr per

day was the shortest interruption able to prolong survival in mice exposed to

.ﬁi’ 100% 02 at 1 ATA. 1In a waster's thesis, Hall (1967) tested a series of

:%a intermittency schedules with shorter time periods (< 1 h) on groups of guinea
?&3 pigs breathing 0, at 3 ATA, On the basis of the time it took 50% of the

i}; animals (ED50) to develop several symptoms, he proposed that 20 min of 0,
o
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followed by S min of 7% 02 in “2 (this resulted in s normoxic Poz at 3 ATA)
vas the most efficient schedule.

Widdell et al. (1974) tested three intermittency schedules on
professional divers who breathed 02 at 2 AIA. The experiments were terminated
at the subject's discretion; the results are summarized in Table 7. 1In this 4
study VC did not decrease in the three subjects vho were exposed to continuous
:: . 0,. The men vho received intermittent exposures of air tolerated longer mean

0, exposures with fewer symptoms. These subjects had larger mesn decrements
in VC but Table 7 shows that they chose to tolerate more time in 02. As 1s
often the case with human studies, the number of subjects wvas small and the
tf variability of results so large that conclusions must be considered tentative
at best. These authors concluded that the 25 min 0,/5 min air schedule vss

most effective.

Hendricks et al. (1977) conducted an intermittency study designed to

couplement Clark and Lambertsen's (1971a) 2 ATA continuous 02 experiment,

25 Five experimental subjects and one control subject breathed 20 min of 02 %
B folloved by 5 min of normoxic N,-0, (poz = 160 torr) at 2 ATA until VC j
. decreagsd hy 102 or symptoms became severe. This experiment was slso 3
:2 influenced by the design of Hall's (1967) thesis, which utilized this normoxic

?f mixture during the 02 breaks. (The design vas different from that currently

- utilized by the U.S. Navy for recompression trsatments becasuse compressed sir
“ 1s the breathing gas, not 7% 0, in N,.) The results of the Hendricks et al.

‘Q (1977) study are provid;d in Table 8 and Fig. 8. These 5 subjects seemed to
tolerate longer O2 exposures (Fig. 8A) than did subjects exposed to continuous
R O2 (Fig. 3) before developing significant changes in VC. These subjects

ff developed symptoms of 02 toxicity 1 to 2 h before changes in VC were detected,

and the decrease in VC was said to continue for 4 h after termination of the

Y
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TABLE 7
Summary of Widell et sl, (1974) Intermittency Study®

Continuous 25 min Oi/ 20 ain O,/ 10 win 0,/
r

O2 S ain & 20 min air 20 oin alr
# Subjects 3 5 8 3
02 Time tolerated 9.8 8.2 6.9 5.1
02 Time to first symptoms 2.6 4.3 3.9 3.3
Total time tolerated 6.0 9.8 13.8 15.4
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TABLE 8

Hendricks ot al. (1977) Data on Percent Change {v Vital Capacity in
Five Sudbjecte Exposed to Ivtermittent 02 Exposure?® at 2 ATA.

0, Tine Subject

) 1 2 3 4 s 6
’ 1 1.5% .6 .6 2.0 0.6 +1.0
. 3 2.0 -1.0 -1.5 -1.0 0.0 +1.2
s 5.5 1.0 2.0 1.0 0.0 +1.8
7 3.0 0.0 2.0 0.0 2.0 + .8
9 2.0 -1.0 1.0 -1.0 -3.0 + .8
11 0.0 -3.0 .7 2.0 2.0 +1.2
13 -3.0 9.0 -5.0 6.0 1.2
14 -3.0 -10.0
ﬁ%teuitt::;oupowr:l};\ouh 20 vin 0215 wio /% O,.

¢ Subject vas 8 control who continually“bresthed 7% 02.
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02. Symptoms persisted (or even worsened) for only 2-4 h post exposure and
recovery was usually complete in 24 h.

Moselhi, Abdallah, and Azab (1980) compared pulmonary function in 67
control subjects with that of 65 divers who had dived with 100% O2 to 1l to 2
ata for 90 min twice a week over s range of two to 10 years. No difference in
mean values of lung volumes, flows, or diffusing capacity in ventilation with
exercise could be detected,

Evaluation of the UPTD Concept: Background

Clark and Lambertsen (1970) proposed that the relationship between

ingpired Poz and duration of exposure required to produce toxic effects is in
the general form of a rectangular hyperbola: at high Pozc a short exposure
will produce an effect, while at low Pozc a8 longer time is required to
produce an effect. A rectangular hyperbola has the mathematical form:

Xy = constant

0,0

(1]}
In the physiological case, only the positive values are relevant, focusing
attention on the upper right hand quandrant. The most general form of the

rectangular hyperbola allows the curve to have asymptotes other than 0,0.

(x=a) (y=b) = constant

[—— — —»

—_——— =

x (2]
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For pulmonary 02 toxicity, the axes would be:

(Time - a)(P02 - b) = constant (3]
This equation describes the collection of all combinations of exposure times
and PO 8 resulting in the same toxicity. Clark and Lambertsen (1970) chose

2

the time asymptote, a, to be 0, reasoning that at an infinitely high P0 ,
2
a vanishingly small amount of time would be required to produce damage. They

choge the P0 asymptote (b) to be 0.5 ATA by deduction from the literature we
2

revieved above. Because Clark was carrying out a graphical analysis, a linear
transformat’on was convenient. Using his asymptotes and taking logarithms

resulted in the equation:

(p - 0:%)
0,

log | —=—————— | = log(constant)
vy~ (4]

Clarks's graphical analytical technique resulted in figures showing parallel
isopleths, each one representing the combinations of time and P02 exposures
required to produce a given decrement in vital capacity. Both the linear and
the log transforms are shown in Fig. 9. These are well known figures and
first appesred in Clark and Lambertsen's (1970) thesis. These curves vere
derived by plotting the median response time for a given VC change in the
three studies carried out at Poze of 0.83, 0.98, and 2,0 ATA, with a total of
23 subjects (Ohlsson, 1947; Caldwell et al,, 1966; Clark and Lambertsen,
1970). Because of this logarithmic transformation, it was necessary for Clark
and Lambertsen (1970) to censor some data collected early in the exposures
(Logarithms cannot be taken of zero and negative numbersg). Fluctuations
within the 95X confidence interval of the control measurement were assigned

the value of 0 and not used in the analysis. Clark and Lambersten (1970) also

inposed a threshold on the Caldwell et al. (1966) data set by assuming there
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vas no change for the first 5 h of exposure. Clark proposed that the
cumulative pulmonary toxicity of any combination of 02 exposures could be
calculated from these graphs by determining the decrement from any P02 and
time exposure combination by moving horizontally for the duration of the
exposure at a constant Poz and up and down along the isopleths as P02 is
changed. .

Bardin and Lambertsen (1570) and Wright (1972) showed how this same
process could be achieved numerically (rather than graphicaliy}, and they
introduced the UPTD idea. Because they wished to weight more heavily the 2
ATA data, they felt that the slope of the log=log plot shown in Fig, 10b was
closer to -1.2 than -1.0. They therefore modified Eqn. 3 to include the
exponent m in the denominator

(p, - .95)

0

2
lo —————— = log(d
B T m 8(®) (5]
where b was a constant and m was estimated as ~1.,2. Taking the antilog of

both sides, the equation became:

p02 - .5 = b(t)® {6]

where Pozis given in atmospheres, t is time in minutes, and m 15 -1.2. The
constant, b, represents some.qonstant level of toxicity - a given percentage
decrement in VC. 1Isopleths that show increments in toxicity are parallel
(Fig. 9b) because m 18 constant, The expected decrement in vital cavacity
after any time at any PO2 can be calculated in terms of an equivalent dose.

This dose represents the time that would have been required if the exposure

had been to 0, at 1 ATA.

2 -

1
1.2

pulmonary toxicity dose = t P. -. {7]
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e where t is time in minutes. If Po is 1 ATA, the UPTD is just the time of
K 2

N exposure. If P, 1s some other value, the UPTD indicates the time at 1 ATA
2

which would have ylelded an equivalent toxicity. Equivalent times at

X different P02 exposures may then be summed to calculate the total equivalent
exposure. The defined UPTD relates to a decrease in VC as shown lu Table 9,
The UPTD definitions were derived from Fig. 9b, which shows for example that

oY after 10.25 h (615 min) of O, at 1 ATA there is a 2% decrease in VC.

sy 2
u
Y
METHOD
4é§, Instead of the serial graphical process used by Clark and Lambertsen
:( .;‘ 4
iyl (1970) we did a .coordinated (computer) analysis that allowed us to explicitly

test certain features of the hyperbolic relationship (Eqn. 6) (the exponent,

;Eﬁ m, and the asymptotes for time and P ), and to evaluate the contribution of
: :‘I i 2
§3h individual variability. The latter effect was not addressed in the original r

model as only the median individual response was graphed. We did a nonlinear 1

)
*ﬁ least squares analysis, titting the data (subject, % change in VC, PO R
o 2
f%‘ and time of exposure) to the equation.
R
2 % 6VC = B(s) (B, - BU)([(t - B(2)]PD [8)
g 2
;%é This equation is a more general form of Eqn. 6. B(1l) is the Po asymptote (in
A 2
l."
ft“ ATA) which Clark set at 0.5 ATA; t is time in minutes; B(2) is the time
E&E asymptote which Clark set to 0; B(3) is the exponent m, which Bardin and
830
'h$ . Lambertsen (1970) proposed was 1.2; and B(s) is a siope parameter, which can
by
- be different for every subject.
b“l This model did not assume a linear effect: 41f the exponent B(3) > 1.0,
o
"’
3}‘ the relationship between AVC and time at any given PO will curve downward, as
o 2
'!‘_’l-
b
P
o
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615

825
1035
1230
1425
1815
2190

TABLE 9

Unit Pulmonary Toxicity Dose Definition

3

Median ¥ VC Decrement
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shown in Tig. 10. Varying B(s) from dalov O to larger segative suabers will
incresse the alops or the changs in VC with tims. Lewvering the '02 asyuptete
(B(1)) will aleo lead to s predictior of & larger desroment in VC after sny

time st & given elevation in Poz.

This nonlinear fitting technique {0 exactiy analageve te linssr
regression, but because it may appear more compliseted, & shert deseription
say be vorthwhile, An educated guess Lo made for starting pavemeters (1),
8(2), and 3(3) (for example, 0.5, O, =1.2) an vell as for B(s), Vith this ses
of §'s, for every combinstion of subjest, time of enposure, ond '0,' o0
estinated § AVC 19 calculated and compaved with the sstual (messured) % AV(,
This difference (astimated -~ msanured) 18 oquared and summed over all dats
points. Thus, a sum of equared errera (B58) Lo computed. The paremeters
(3's) are then altered slightly by the cemputer, estimated % AVC Lo
recalculated, snd the B8 19 recaloulated, This precess 1o repsated until the
SEL 1s afninised. 1a this wedel, whes the 'oz 6 vhieh the aubjess vee
exposed wan less then the 8(1) "°z asymptote) baing tested, any ehange n VO
vas conaidered ervor, The assumption vas that enposure o a Py below the
"gafe" Poz should have prodused ne desremant in VG, To salie atatinttee)
comparisnns about asymptotes and enpenent, parsmeters ave fined (st values
vepresenting s null hypothesio to be tested) and o nev BOR 40 saleviated., An
7 test in parformed to detarmine wvhich parametera provided the better fis (oy
to evaluste the null hypethests),

The deacribed enalynin wan sarried out on the date avamarised in Tedle
10, Original deta vers first vo-onpronsed as poreont of change frem vhe
control value, When cont1ol values were seasured eevers! tines; si!

pre=enparimental values ware avaragad, Data from the fivat 40 h (whieh
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shown 4in Fig. 10. Varying B(s) from belov O to larger negative numbers will

fncrease the slope or tha change in VC with time. Lowering the Po asymptote
2

(3(1)) will sleo lead to & prediction of s larger decrement in VC after any

time at & given elevation in Po .
2

. This nonlinear ficting technique 4s exactly asnalagous to linear
regression, but becasuse it may appear more complicated, a short description
nsy be vortiwhile, An ¢ ted guess is made for starting parsmeters B(l),
B(2), and B(3) (for example, 0.5, O, =1.2) as well as for B(s). With this set
of 8's, for every combination of subject, time of exposure, and Po y AN

2
estimated % AVC 4s calculated and compared with che actual (measured) % AVC.

o

Thie difference (estimated - measured) is squared and summed over all data

\ points., Thus, & sum of squared errors (SSE) 1is computed. The parameters

~ (3's) are then sltered slightly by the computer, estimated % AVC 1is
recalculated, and the SSE 4s recalculated. This process is repeated until the
S5E {» sinimized. In this model, when the Poz
exposed wan less than the B(l) (Poz asymptote) being tested, any change in VC

to vhich the subject was

wae considered error. The sssumption was that exposure to a POZ belovw the

; "safe" Poz should have produced no decrement in VC. To make statistical
comparisons sbout asymptotes and exponent, parsmeters are fixed (at values
representing a null hypothesis to be tested) and a new S8SE is calculated. An
7 tent is performed to datarmine vhich parameters provided the better fit (or
to evaluste the null hypothesis).

. The described analysis was carried out on the deta summarized in Table

, 10. Original deta vere first re-expressed as percent of change froum the

o control value. When control values were measured several times, all

pre-experimentsl velues vere aversged. Dats from the first 60 h (which

K}

e B

BUSEAACHORG A RO RN SAL LA R M LI "\."w"'. ?,-_6 " 'f"‘ 13,V ,'::,- .’t‘,'-'g‘.'-.'."a RN ] :"s'.,h‘-'!.“ URERRT ] ’:‘.'- ‘-'_:“Jt‘i".f‘ v

vy
‘.1' . \’




2 25 ‘ X VG = B(SOw(PO2-B1)dw(TIME-B2)#nB3
-2.25 .
—— EXPONENT ¢B3)> = 1 .
WONL e EXPONENT (B3> = 1.5
-0.S

% .

vV -.75 |

c
‘ c oy N
7:0 A \\‘
o 6 -1.25
. E \‘1

-1.8

o W \
f \
-1.75 J S\
‘ -z T T T — T T T T
3 ) 1 2 3 4 s 6 7 8 8
N
TIME ChD

A Fig. 10, Effect of exponent on the shape of the predicted change in vital

v capacity as a function of time. When the exponent is > 1.0 (dashed live) the
response curve bends downward indicationg slow changes initially followed by
increasingly rapid changes.

36




TABLE 10

Summary of data used for analysis

. PO Number Kumber
3 gAT&Z Subjects Data Reference
¢ 2.0 13 73 Clark and Lambartsen, 1971
) 1.05 12% 96 Eckenhoff, 1984
) 0.98 4 18 . Caldwell, et al., 1966
0.83 6 66 Ohlsson, 1947
0.47 3 12 Fife, ot al., 1973
k2 0.3 6+ 55 Eckenhoff, 1984
B 0.28 2 18 Ohlsson, 1947
'r 0.23 2 8 Morgan, et al., 1961
%
o 0.21 4 32 Fisher, et al., 1970
:i\’;
i
gt 0.32 4% 4 Morgan, et al., 1963s
0.3 3¥ 3 Dubois, et al., 1963
;3, 0.23 st 8 Morgen, et al., 1963b

. * Each of these subjects was exposed to 0.3 ATA of O, for 12 h

J prior to the 1.05 ATA exposure. Three VC messur ts were obtained
during this time and these data were also utilized (No. dats = 47),
One subject was used as an experimental and a control.

These data vere measurements taken before and after exposures and
were therefore not used in the model where a separate B(s) wvas
estimated for each aubject.

-+
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included 12 h at 0.3 ATA and 48 h at 1.05 ATA in the experimental group) of
the Eckenhoff experiments were included in the analysis. As mentioned in tho
Background Section, ve omitted the Michel, et al., (1960) study because of its
large variability and those studies wvhich did not provide individual datca,

Our final data sst had 440 measurements of X4AVC on 66 subjects with Pozn {rom
0.21 to 2.0 ATA and exposure times from 1.8 to 1296,0 h, There vere serial
vital capacity measurements on 51 subjects (425 data points). All resulcs
will be expressed as (£SE) and a p < 0,05 was considered significent.

RESULTS

Individual Varistion

We began by pooling all of ths data and fixed the ssymptotes for Poz
(3(1)) at 0.5, time (B(2)) at 0, and sssigned the exponent the value 1.2 as
Bardin and Lamberteen (1971) d4d. A much better fit was obtained 1if a
separate B(s) wvas permitted for each subject than if one slope (the average or
pooled slope) vas used for all sudbjects (1‘9.390 ® 9.6, p < 0,001), When one
slope vas selected to represent all subjects, B(s) » =0,006; when tndividual
slopes vere calculated, B(s) ranged from =0.029 to ~0.0008 (Sh" ATA"). Ve
vill comment more about rthe range of B(s) lstecr,

With the pooled slope, the fit of the model had s residual standard
deviation of 6%; when individual elopes were permitted, the model fit the dats
vith a standard deviation of 3.7%, s decreass of 35%. 1Inclusion of individua!
slopes decreased the SSL from 15,000 to 6,800, s decrease of wore than 50%,
These tresults sehowed quantitatively wvhat was obvious qusalitatively by
examination of Fige. 1-3, 5, and 6, 1.0., the tremendous smount of 1ndividual
veriability in this response. Soms subjects maintained VC nearly unchanged
throughout 02 exposures, vhile others experienced rapid and drematic

decrements {n VC.
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Choice of Exponent (m)

Having determined that individual slope parssetsars were appropriate, we

then examined the exponent B(3) (the w of the UPTD). With P, fixed at 0.5

0
ATA and the exponent estimsted freels from the dats, this csp:nnnc vas
selected to bes 1.0008 (20.07), which was not statistically distinguishable
from 1.0, We fixed the exponent at 1.2 (as Bardin snd Lasberteen (1970)
suggested) and thie significantly vorsened the fit (11’3“ 5,79, p < 0,029).
Because the UPTID 1is based on s suggested exponent of 1.2, we carried out
ths ssms snalysis using only the dats from which the UPTD concept was derived
(Ohleson, 19475 Caldwell et al., 19663 Clark and Lasbertsen, 1970), shown in
Tables 1-3. This data set had 23 subjecte and 157 data points, As we did not
need to work with log transformed data we did not have to censor VC dats which
shoved no change or small incrsases. We were also able to explicitly test
wvhether eubjecte 12 and 1) were distinguishable from the rest of the subjecte
and thus vhether they needed to be excluded. As vhen all data were used for
analysis, sllowing for individual slopes significantly improved the fit
(122.13‘ ® 16,46, p < 0,01), An exponent (B(3) or m) of 0.98 (£0.093) best
fic the dats. This value wae not different from 1.0 but provided a
significent improvement over 1.2 (11.13‘ = 4,%, p < 0.05). The sbove recults
vers unslfected by inclusion or exclusion of Clark and Lambertsen's subjects

' 12 and 13,

o and Time Asymptotes
2

o s

Next, we explicitly tested vhether the VC data were helpful in

sstimating the Py

vhether inferences {rom the literature would continue to be necessary., A

(B(1)) and time (8(2)) assymptotes suggested by the model or
2

significant tmprovesent in the fit was obtained when B(1) was fixed st values
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< 0.5 ATA compared to 0.5 ATA (or even 0.6 or 0.7) (we tried 0.4, 0.3, 0.376,
and 0.2 ATA). When B(l) was freely estimated, a value of B(l) = 0,376 ATA was
chosen. This parameter had a large SE and the precision of all the slope
parameters was lost, which suggested that the data simply would not support
sclection of all of the parameters shown in Eqn. 8. These results do

not encourage raising the choice for the Po2 asymptote above the current
choice of 0.5 and even suggest lowering this value somewhat. The data do not
allow a more precise recommendation about the “safe" Poz because the number of
useful points obtained at low Po2s is limited and many of these include only

before and after (as opposed to serial) measurements. It {s important to note

that lowvering the P. asymptote below 0.5 ATA produced less than a 1%

o]
improvement in the Sg of the fit (and the SSE decreased by 2.0%Z, from 6,766 to
6,628). This contribution pales in comparison to the 357 improvement obtained
by inclusion of individual slopes (and a 50% decreasse in the SSE). A time
asymptote of 0 as proposed by Ciark and Lambertsen (1970) remalus reasonable.
Wich B(1) fixed at 0.376 ATA and B(3), the exponent, fixed at 1.000, the time
asynptote was chosen to be a number less than 1 h with a standard error that

made it indistinguishable from O (0.002 h 2 1.07).

UPTD SSF Comparison

Finally, ve compared our model's SSE with the SSE obtained with the UPTD.
We calculated the number of UPTDs for each data point using Eqn, 7. To relate
the UPTD to %4VC, we fitted the 7 data points in Teble 9 to two different
equations: one livear and one sigmoidal (more details of this analysis appear
in Appendix 1), The predicted %ZAVC was calculsted, cowpared to the measured
and this difference was summed and squared to calculate an SSE for each
equation. The SSE for the linear and sigmoid equations were 17,820 and

19,850, reapectively, each of which 1a larger than the SSE of our model
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(approximately 15,000 for the pooled B(s) model, 6,000 for the individual B(8)
model) .
DISCUSSION

We reviewed the general médel from which the UPTD concept was derived
(Bardin and Lambertsen, 1970) and performed a coordinated quantitative
analysis that permitted explicit testing of parameters in the model. We
utilized more data than did the original authors and included vital capacity
data accumulated since 1970. This analysis showed that the single greatest
contributor to uncertainty in this model wae the extreme variability in
individual response. The standard deviation of the model's fit dropped by
nearly one-half when individual slope parameters (B(s))were chosen. At thisg
time, there is no way to predict a given individual's slope, or even whether
an individual's response (slope) will be the same on different occasions.
With parameters which minimized the error of the fit of the model (B(l) =
0.376 ATA, B(2) = 0, B(3) = 1,0) slopes (B(s)) ranged from +0.0021 to -0.082,
Zh'l ATA -1 in 38 individuals; the distribution of these slopes is showm in
Fig. 11, Figure 12 emphasizes the importance of this individual variation.
With the PO asymptote = 0.5 ATA and exponent = 1,0, after 20 h exposure to a

2

Po of 1.0 ATA the predicted decrement in VC varied from an average value of
2

~5% to 1 and up to 127, depending on whether a median slope was chosen, or a
slope belonging to the highest 10X or lowest 102 group of resistant
individuals. Figure 13 shows how VC would decrease as a function of time at 4

different Po 8 in an individual of median susceptiblity. Individual
_ 2
variability introduces large uncertainty at every PO . For example, exposure
2
to 10 h at a Po of 2.0 ATA produced a median decrement of about 8%, but with
2

an 80X confidence interval of changes ranging from 2-18%., The impact of

variations in the other parameters was much less important given the powerful
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Fig. 12, Effect of individual variation on the predicted % decrease in vital
capacity resulting from exposure to a P0 of 1.0 ATA, When Eqn. 7 was fitted
to all available human vital capacity da%a, a significant improverent was
achieved when a separate slope was permitted for each subject, but s wide
range of alopes resulted. This figure shows how the range of slopes affects
the predicted change in vital capacity. The 38 slopes calculated for each
subject were ordered; the fourth lowest and fourth highest slopes
(approximately the bottom and top 10%, respectively) as well as the median
slopes were used to calculate predicted VC changes. The mean individual slope
line was generated using the slope obtained when only one slope was calculated
for all subjects.
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influence individual variability had on the response, Our analysia showed

that a Po asymptote below 0.5 ATA was preferable to the previous estimate of
2

0.5. Here, precision on this estimate must await experiments where serial VC
measurements are made in groupé of human subjects given lengthy exposures with
moderate P02 elevations. An exponent (B(3) or m) of 1.0 minimized the error
of the fit; the pteviéus estimate of 1.2 increased the error. Our analysis

shows the model that best fits the data of an individual of medisn

susceptibility would be:

L AVC = -0.009(P0 -~ 0.38) (time)
2
This is the model with parameters that “"minimize" the error. For reasons of

simplicity, however, with essentially no loss of precisjon in the predictive
capabilitieé of the model, we recommend the following modification. The

cumulative effect of any combination of exposures to time and PO for an
2

individual of median suspectibility can be predicted by summing the values

obtained with the expression:

X AVC = -0.011(P0 -~ 0.5) (time)
2
where P0 is in ATA and time is ip minutes, as has routinely been done with

2
the UPTD calculation., In fact, our literature search shows that there is
really no evidence to support or refute the legitimacy of this summation. It

i8 conceivable that some recovery occurs to a certain extent when P is

0,

lowered from some experimental level but is kept above normoxic. Conversely,
damage may occur at a different rate 1f P()2 is raised in steps. None of these
questions have been answered.

Table 11 shows the effect of the modification dn parameters in the
simplified versus the minimized model and cowpares the predictions wirh those

obtained from the UPTD Model. The minimized model is based on quantitative

data fitting, which included no cersoring or transformation of data, a larger,
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TABLE 11
Predicted I Decresse fu VC by Different Models

?

0 Time of Exposure Sieplified UrD
SATA) (h)_ _M.L lodel Fodel
1.0 10.25 8.7 5.6 2.0 (619)»
24 13,9 13.2 9.0 (1,440) *
8 26.8 26.4 »20.0 (2,800)
2.0 S 7.3 8.3 23,0 (7%0) '
10 | 4.3 16,9 10.0 (1,500)
19 .9 TH ) 19.0 (2,2%0)
USH Table 5¢ 2.0 2.) «1.0 (326)
USH Table ¢4 3.0 4.0 2,0 (633)
USN Tabie 6 ¢+ extensionst 6.3 5.4 4,0 (846)
USH Table 6At 4.0 4, 22,0 (664)
USN Table 6A ¢ extensionst 5.3 5.8 »4.0 (877)

® Number (n parentheses 1is number of UPTD unite,
¢ Caloulated assuaing ne resevery durlag air breske) during decsmpression

tines, average depth 10 anouned.
Hintaised models 8§ AVC @ -O.OOO(POz e ,38)(cime)
Siapltfied modelt % AVC » -O.OII(POz = 0,5 ¢cine

UPTD » time !"ET!' ] T%!

0’ .
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more current data set, snd se sssumptiens shout anymptoten. Thus comparisons
vith the UPTD sudel are meinly of histerical interest, Althoush eur model
sppesra to meke mnre conservetive predfetions (1.0., largar VG decrenent for
any given exposurs) given that each predictor has a standard deviation of 4%,
the models are vary similer, Ve ressmmend retaining the 0.9 '“z anywptote for ]
convenience 00 the enly rev nuaber that needa tn he renethered 48 the sedian
alopes «0,011,

Clearly, this analyetin shows thet o decresne in vital capacity n net on
fdaal ftnden of the develupaent of puimenary o, tenfeity and va are nat the
firat te nahe thin ariticion (Widell ot ol,, 1974 Gardetie ond Lenaire,
1978), 1t 4o & measurenent fnr whish a aubjeet nrods training, 1t 1n offore
dopandont, and, on thiv rapert quantif(ies, VC §» variable ampong {ndividuals,
The index 1a baned on the respenne of an Individusl of medien aveceptibiifity,
chavefare pla«lud aenafcive individuale at a sush higher risk,

The question {n attil epen s to vhat underiying tenie precesa changen in
VC roprenent, Tt fo olontly o soveraible offeet (Clorh ond Lamberinen) 1970,
Rekonhoff| Coldvell et al,, 19006; Hondricke ot al,, 1977), but we do nut knev
yot how to acseunt for resevary (as durieg fnternittert enposure) vith this
medel, The Navy aurrantly recommends o, enposyren that veuld result (r a 1%
sedian decrement {n VC under nerea) cireumatarcen (enponure to one U,8, Navy
Tuble 0) and suggentn a maniaus axpnrsure that vould be expented to produce o
10X dourement undear eutreme sonditionn, We do not know, however, vhether
oither af the chaneea §n Jung volume prodused by thans desvemanta fa of

functional rignifiravre,
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SUMMARY

In the U.8, Nevy, pulaenary 02 toxiaity hecomes a concern during
saturation diving, periods of long decomprennion, and during trestment of

docomprassion sicknese, The current practice for detarmining 0, 1imits

depends on changes 4n vital capacity as predicted by the UPTD, Ve revieved
the genersl modal from vhich the UPTD concept was derived and performed o
soordinated quantitetive analyats that permicted -apltc;t testing of ¢
pavensters 1n the medel, Ve suggented s niuplified 1imear predictive equation ?
that relates '°z ond time of exposurs to changs in vital capacity:

T4VC = -O.OH(POz = 0.9)(time)
vhare 'oilu';tvoa 10 ATA and time in minutes., As with the UPTD, the effect of
sumulactive enpesures cer be cslouleted by summing the effect predicted at each
level of '°z exgposure, slthough we point out that experiments have not been
done te support the valtidity of thin summation., We shoved that {ndividual

susceptidility 19 the single largest source of variahility accounting for 35%

of the uncertainty of any prediction.

RS MOL LA LR TR AC ACUMURR A TS ALY, ol ADAGRCANSANA
N i . . BN st T i N R



REFERENCES

1.

2.

3.

Barber, RE, J Lee, and WK Hamiltou. Oxyggn toxicity in man: A
prospective study in patients with irreversible brein damage. New Engl J
Med 1970; 283:1,473~1,484,

Bardin, H, and CJ Lambertsen. A quantitative methﬁd for calculaéing
cupulative pulmonary oxygen toxicity. Use of the unit pulmonary toxicity
dose (UPTD). Philadelphia: Institute for Environmental Medicine,
University of Pennsylvania; 1970.

Broussolles, B. Entex V: Experience de plongee profonde a 450 m avec 12
jours de sejour au fond. Rapport Final du Contrat, Direction des
Recherches et Etudes Techniques, Marine Nationale 80/1,247.

Toulon[ﬂnval. France: Ministere de la Defense; 1982,

Burger, EJ, and J Mead. Static properties of lungs after oxygen
exposure. J Appl Physiol 1969; 27:191-197,

Caldwell, PRB, WL Lee, Jr, 8BS Schildkraut, and ER Archibald. Changes in
lung volume, diffusing cspacity, and blood gases in men breathing oxygen.
J Appl Physiol 1966; 21(5):1,477-1,483.

Clark, JM, and CJ Lambertsen. Pulmonary oxygen tolerance in mapn and
derivation of pulmonary oxygen tolerance curves. Institute for
Environmental Medicine Report No. 1-70, Philadelphia: Institute for
Environmental Medicine, University of Pennsylvania; 1970.

Clark, JM, and CJ Lambertsen. Rate of development of pulmonary O

2

toxicity in man during O, breathing at 2.0 ATA. J Appl Physiol 1971a;

2
30(5):739=-752.

Clark, JM, and CJ Lambertsen. Alveolar-arterial O2 differences in man at

2y 1, 2, and 3.5 ATA 1ingpired ? J Appl Physiol 1971b; 30(5):753-763.

0,

49

Ty




9. Comroe, Jr, JH, RD Dripps, PR Dumke, and M Deming. Oxygen toxicity. J
Am Med Assoc 1945; 128:710-717.

10, Dewar, KMS, G Smith, AA Spence, and I McA Ledingham. Fffect of hyperoxia
on airways resistance in man. J Appl Physiol 1972; 32:486-490.

11, Dolezal, V. The effect of longlasting oxygen inhalation upon respiratory
parameters in man. Physiol Bohemoslov 1962; 11:149-158.

12. Doughgrty. JH, RL Praye, DA Miller, and KE Schaefer. Pulmonary function
during shallow habitat air dives (SHAD I, II, III). Undcrvatér
Physiology VI. Bethesda, MD: Federation of American Societies for
Experimental Biology; 1978:193-204. |

13, Dougherty, JH, and KE Schaefer. Pulmonary functions during saturation
excursion dives breathing air. Aerosp Med 1968; 39:289-292.

14. Dubois, AB, RW Hyde, and E Hendler. Pulmonary mechanics and diffusing
capacity following simulated space flight of 2 weeks duratiom. J Appl
Physiol 1963; 18(4) :696-698.

15. Eckenhoff, RG. Data obtained by personal comeunication and presented in
tables 4A and 4B.

16, Fife, WP, AL Edwards, WW Schroeder, ¥D Ferrari, and LR Freeberg. Effect
of the hydro-lab environment on pulmonary function. Hydro-Lab Journal
1973; 2:73-80.

17. Fisher, AB, RW Hyde, RIM Pyy, JM Clark, and CJ Lambertsen. Effect of
oxygen at 2 atmospheres on tﬁe pulmonary mechanics of normal man. J Appl

Physiol 1968; 24(4):529-536,

18. Fisher, AB, AB DuBois, RW Hyde, DJ Knight, and CJ Lambertsen., PEffect of

2 months undersea exposure to N, -0, at 2,2 ATA on lung function. J Appl

2 2

;o

Physiol 1970; 28(1):70-74,

LS e ls

50

PRI I LA N D ey ey 3 : RN s . : i =
: e N R UL A O G ORI SRSRORNDEAN, ORGUANIRACAR)
BN Lo L B o, T S D N PN STt T R [ Y
L. : o - { LTI v PR AREN

R Y




19,

20.

21,

- 22,

23,

25.

26,

27.

26,

Gardette, B, and C Lamaive. Varistions de la cspacite vitale en fonction
de la Quantite d'oxygene inhslee su cours des decompressioms. Revue de
Medecine Subaquatique et Ryperbare 1977; 61:66-69.

Hall, DA. The influence of the systematic fluctuation of Poz upon the
nature and rate of the developmemt of oxygen toxicity in guinaa pigs.
Philadelphis, PA: Univ. of Pennsylvanis; 1967. Thesis.

Harsbin, AL, and LE Farhi. Arterial hyperoxemia with tissue hypoxis
during exposure to 100% 02 at 1 ATA. Physiologist 1978; 21(4):50.
Harabin, AL, LD Homer, and ME Bradley. Pulmonary oxygen toxicity in
avake dogs: Metabolic and physiologic effects. J Appl Physiol Respir
Environ Exercise Phyesiol, 1984; 57(5):1480-1488,

Harrison, GA. Ultrastructural response of rat lung to 90 days exposure
to oxygen at 450 mm Hg. Aerosp Med 1974; 45(9):1,041-1,045.
Rayatdavoudi, G, JJ 0'Neil, BE Barry, BA Preeman, and JD Crapo.
Pulmonary injury following continuous exposure t, 60% O2 for 7 days. J
Appl Physiol Respir aniron'txefcilc Physiol 1981; S51:1,220-1,231.
Hendricks, PL, DA Hall, WL BRunter, Jr, and PJ Haley. Extension of
pulmonary 0, tolerance in man at 2 ATA by intermittent 0, exposure. J
Appl Physiol Respir Environ Exercise Physiol 1977; 42(4):593-599.
Hyacinthe, R, P Giry, and B Broussolle. Evolution of vital capacity and
lung diffusing capacity for CO in eight subjects after a 450 meters
simulated dive. Medecine Aofonautique et Spatisle Medecine Subaquatique
et Hyperbare 1981; 20:77-80.

Kapanci, Y, R Tosco, J Eggermann, and VE Gould. Oxygen pneumonitis in
man: Light and electron microscopic morphometric studies. Chest 1972;

62:162-169.

51




29,

30.

k) 9

2.

33,

34,

35,

Kspanci, ¥, ER Weibel, AP Kepleo, end FR Robinson. FPathogenssis and

revaraibility of the pulmonary lesions of oxygen toxicity in monkays.

II. Ultrsstrucrursl and morphometric studien. Lab Ilovest 1969;

20(1):1101~118,

Kaplan, RP, FR Robinson, Y Kapanci, snd ER Weibel. Pathogensnia and

reversibility of the pulmonary lesiovs of oxygsn toxicity 4o monkeys., 1I. M
Clinical end light microscopic studien, Leb lovest 1969; 20:94-99,
Kistler, G8, FRB Caldwocll, snd ER Veibel. E£lectron microsciyic end
sophometric study of rat lungs exponed to 97% oxyges at 238 torr (27,000
fest). Aerospacs Medirsl Ressarch Laboratories Report

NRL~TR~66=103, Wright=Pattersor Air Torce Base, Ohio: Aerospace Medisal
Divieipn, Air Yorce Systems Commsnd; 1966.

Kistler, G8, PRB Caldvell, and ER Weibal. Development of fine atructursl
damage to slveolar and capillery living cells in oxygen-poisoned rat
lungs, J Cell Biol 19673 33:405-628,

Lemaire, C. Deternination du taux d'hyperoxie scceptable pour len
plongees su long cours par la sesure de 1s capscite vitale,

1973; Madecine Asronautique et Spatisle Medecine Subaquacique ot
Hyperbare 1975; 12:162-86,

Hatalon, 8, MS Nesarsjah, and LT Varhi, Pulmonaty and circulatory
changes ip conscious sheep exposed to 100% 02 st 1 ATA, J Appl Phyetol
1982; 53:110-116,

Michel, EL, RW Langevin, and CF Gell., Bffsct of contimuous husan ‘
oxposuts to oxygen tensions of 418 am Hg for 160 h, Asrosp Med 1960;

311138-144, '

Horgsn, TE, ¥ Ulvedal, and BE Walch., Observations {n the SAM two-man

spacs cabin similetor. 11, Biomedical effacts., Aaromp Med 1961,

321991-601,




36,

37,

3.

3.

40,

41,

YD

63,

44,

Morgan, TE, RJ Cutler, F8 Shaw, ¥ lllvedal, JJ Hargreaves, JE Moysr, RE
McKenzie, and BE Welch, Physiologic effects of exposure to increased
oxygen tensaion st S puig, Aarvosp Med 1963ay 34:720-726.

Morgan, TE, F Ulvedsl, RJ Cutler, and BE Welch. Fffacts on man of
prolonged exposure to oxygen st s totsl pressure of 190 sm Hg. Aerosp
Yed 1963b; 39:5089-392.

Moselhi, M, SH Abdallsh, svd YM Assb, Pulmonary function ir men with
{ntermittent long=-ters exposure to hypsrbsric oxygen. Undersea Biomed
Res 19805 71149157, |

Navy, Department of, YU.S5. Navy Diving Manuals. Washington, D.C.: Dept.
of the Navy; 197!3 Vol. 1, Chapt. 8. Avsileble from: Neval Ses Systems
Cowmand, Washington, D.C.; 0094-LP,001-9010,

Ohleson, WIL. A study on oxygen toxicity at stmospheric pressutes. Acts
Mad Scand 1947; 128(Suppl 190):1-93,

Py, RIM, R¥ NHyde, AD Tisher, JM Clark, J Dickmon, and CJ Lambertsen,
Alterations in the pulmonary cepillary hed during early o2 toxicity 4in
sen. J Appl Physiol 19685 24(4)1537543,

Rahn, M, WO Tenn, end AB Otis. Daily variations of vitsl capacity,
residual air, and expivatory reserve including s study of the residus)
air method, J Appl Physiol 1949 1(10)1725-736.

Robertson, WG, JJ Hargreaves, JE Herlocher, and BT Welch, Physiologic
renponse to increamsed oxygen partisl pressure 11, Respiratory atudies.
Aurosp Med 19645 1516102622,

Van de Vater, M, K8 Kegey, 1T Miller, DA Parker, NE O'Connor, JM Sheh,
JD MacArthur, KM Zollinger, and YD Maore. Reaponwa of the lung to 6 to
12 hours of 100 percent oxygen inhalstion in normsl man. N Engl J Med

19704 28%1621-626.

3

it f] EAAE I AR R A A AR Pl LAY 4 ¢ . PN MR I AR R ol | RUDLEY Y )
.- . a - ‘ g :




45,

46.

47.

‘a.

9.

50.

Widell, PJ, PB Bennett, P Kivlin, end W Gray. Pulmonary oxygen toxicity
in man at 2 ATA vith {ntermittent air breathing. Aerosp Med 1974;
45:407-410.

Widell, PJ, AA Pilmanis, LW Chapman, VM Pilwanis, and RR Given.

Physiological effects of saturstion diving: Oxygen toxicity, stress and

£lvid volwms regulation. Hydro-Lseb J 1973; 2{(1):57-72, e

Wolfe, WG, LA Robinson, J¥ Morsn, snd JE Lowe. Raversible pulmonary
oxygen toxicity in the primste. Ann Surg 1978; 188:530-543,

Wright, WB. Use of the University of Pecosylvenis, Institute for
Eavirtonmental Medicine procedure for calculation of cumulative pulmonary
oxygen toxicity. HNaval Esxperimental Diving Upit Report No. 2-72,
Washington, D.C.: Havy Experimental Diving Unit; 1972,

Wright, WB, AB Fisher, PL Hendricks, JS Brody, and CJ Lsmbertsen.
Pulsonary function studies during a l4-dsy covtinuous exposure to 5.2% 0,
{io '2 at pressure equivalent to 100 fsw (4 ATA). Aerosp Med 1973;
44:837-843.

Wright, RA, HS Weiss, ZP Histt, and JS Rustagi. Risk of sortality in

{oterrupted exposure to 100% 02: Role of air ve. lowered P Am J

o.°
2
Physiol 1966; 210:1,015-1,020.

54




APPENDIX 1, UPTD SSE Comparison

Linear regression on the 7 data points resulted in the following

equation:

7 AVC = -0,0114 - UPTD + 5,60733

This linear model assumes a threshold effect: below a certain number of UPTDe

(approximately 492) there would be no change in VC predicted, We forced this

to be true by resetting any positive X AVC prediction to zero,
The data were also fit to a sigmoid curve of the general form:

1

y-
xS0\"
1+ -;-—)

where x = number of UPTDs, and y = X AVC. The following parameters were
estimated: x50 = 4619, n = 1.86.

In calculating the UPTDs for each data point, when the exposures

PO2 < 0.5 ATA, the predicted 1 AVC wss set to zero.

ataadibng i,




