R )

-

REPORT NUMBER 980
Workshop on

DETECTION AND MEASUREMENT
OF PULMONARY OXYGEN TOXICITY

heid af:

Naval Submarine Medical Research Laboratory
Naval Submarine Base New London ‘
Groton, Connecticut

Chairman: C. J. Lambertsen
Editor: R. G. Eckenhoff

Co-ord.mators J. W. Parker
: - R. G. Eckenhoff

Dates - 27 and 28 Ot':tober' |
1981
Released by

W. C. MILROY CAPT, MC, USN
Commanding Officer

Naval Submarine Medical Research Laboratory
28 January 1983

Approved for public release; distribution unlimited _







WORKSHOP
on
THE DETECTION AND MEASUREMENT OF PULMONARY OXYGEN TOXICITY

Naval Submarine Medical Research Laboratory

27-28 October 1981

NSMRL Report No. 980

Edited by R. G. Eckenhoff
Chaired by C. J. Lambertsen
Coordinated by J. W. Parker and R. G. Eckenhoff

Approved and Released by:

William C. Milroy, CAPT,MC, USN
Commanding Officer
Naval Submarine Medical Research Laboratory

28 January 1983

Approved for public release; distribution unlimited




SUMMARY PAGE
THE PROBLEM

Controversy and contradiction exist in the various reported methodologies
directed at the characterization of pulmonary oxygen toxicity. Because the
study of human pulmonary oxygen toxicity is a major component of ongoing
research activities at this laboratory, several military and civilian scientists
with expertise in various aspects of pulmonary physiology were assembled to
discuss the disease and its detectlon.

FINDINGS

Recommendations and limitations of methodologies ranging from conventional
spirometry to nuclear magnetic resonance were obtained.

APPLICATION

Subsequent to this meeting, NSMRL scientists assembled, tested and
applied an investigational package which included many of the recommendations
from this workshop to experiments in which 15 human subjects were exposed to
air at 5 atmospheres absolute for 48 hours.

ADMINISTRATIVE INFORMATION

This workshop was supported by the American Institute for Biological
Sciences under contract No. N0014-75-C-0348 and Naval Medical Research and
Development Command Work Unit Nol M0099. 01A-0006.

This report was submitted for review on 24 Januvary 1983, approved for
publication on 28 January 1983 and it has been designated as NSMRL Report No.
980.
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ABSTRACT

As part of this laboratory”s continuing research in shallow air
saturation diving in support of the Navy’s submarine rescue capability,
several military and civilian scientists met for two days to discuss
pulmonary oxygen toxicity and the various methods of its detection and
quantification. The pathogenesis, biochemistry, and characteristics
of the disease in both animals and humans were reviewed and discussed
at length. Methods ranging from conventional spirometry to nuclear
magnetic resonance to expired gas chemoluminescence were presented.
Specific recommendations and limitations of the tecinniques were ob-
tained concerning the application of these techniques to humans in a
hyperbaric environment. The need for additional data concerning the
progression and recovery from pulmonary oxygen toxicity in both man and
animals was apparent during this workshop.
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FOREWORD

The need for this workshop was
realized when planning for a series of
experiments where human subjects were to
be exposed to hyperbaric air at five
atmospheres  absolute for prolonged
periods of time. Signs and symptoms of
pulimonary oxygen toxicity were expected
to develop in these subjects and an
investigational package to accurately
document the onset and progression was
sought, Tests chosen for use in human
studies must be sensitive and reliable,
due to the wusually limited number of
subjects, and so that extrapolation to
the point of incapacitation or death can
be made, From past experience at this
and other 1laboratories, conventional
spirometry as an 1index of pulwmonary

xygen  toxicity. was mnot  entirely
satisfactory, both because of the effort
dependent nature of the maneuvers, and
the lack of correlation with symptoms in
some subjects., Therefore, other indices
wvere desirecd,

The literature abounds with
methnodology directed at the
characterization of pulmonary oxygen
toxicity., Huch of this work 1is in

‘anamal models and would be inappropriate

for application to  humans in any
setting. Of the techniques which have
been used in humans, much contradictory
and confusing information exists.

this
in
the
oxygen
Are there indices

lies the basis for

workshop. Can the knowledge gained
the past decade be applied to

characterization of pulmonary
toxicity 1in humans?
which correlate more closely with the
actual pathogenesis at the cellular or
membrane level than such gross, indirect
and unexplained methods as forced
expiratory spirometry? Wnicih of these
would be feasible £for studies at this
laboratory? These and other questions
vere addressed by the participants of
this  workshop. What  follows  are
summaries of the individual
presentations and subsequent

Herein

discussions. Then, 1in order to obtain
specific  recommendations for our
investigations, and the advantages and

limitations of the discussed techniques,
& working session was 1included, the
summary of which appears at the end of
thiis report.






OPENING REMARKS
D. R. Knight

The Navy currently relies on the
Deep Submergence Rescue Vehicle (DSRV)
for rescue of submarine crews stranded
in deep water. The problem with the
PSRV is that crewmembers must survive
for 48-72 hours in the disabled
submarine, while awaiting arrival of the
DSRV from its home port. One of the
eavironmental factors which way threaten
the welfare of the waiting crewmembers
is pressurization of their compartment”s
air. When this happens, the crew
Rembers become predisposed to narcosis,
decompression  sickness, and  oxygen
toxicity.

The Haval Submarine Medical Research
Laboratory, NSHRL, has been productively
investigating the health aspects of
compartment pressurization for the last
decade. Hitrogen narcosis was found to
be tolerable at pressures as great as 7
ATA, despite measurable decrements of
behavior and task performance.
Therefore, a plan was required for
prevention oI deconmpression sickness
following rescue of the survivors from

submarines pressurized to 7 ATA. HISHRL
developed decompression  tables for
emergency decompression of humans

saturated with hyperbaric nitrogen. Then
the question arose as to whether or not

diving ships” air systems needed to be
modified to provide mixtures of
nitrogen-oxygen gas for  submarine

rescue. Dr. Lambertsen”s theoretical

and xperimental work om isobaric
counter—diffusion of 1nert gases was
applied by NSMRL to determine the
advisability of using helium~-oxygen gas
mixtures for decompressing  humans
saturated with  hyperbaric nitrogen.
Symptoms of  decompression  sickness
occurred when the hyperbaric environment
was isobarically changed from
nitrogen-oxygen to helium-oxygen gas
wixtures, demonstrating the necessity
for decompressing survivors of prolonged
compressed air exposures with
nitrogen-oxygen media.

The HNavy’s current question is

‘whether or not men can safely tolerate

48 hours of residence in air pressurized
to 5 atmospheres absolute. In a recent
set of experiments, conventional tests
of pulwornary function and cliniezl
welfare were usea to judge the presence
or absence of pulmonary oxygen toxicity
in subjects exposed to hyperbaric¢ zir.
Beczuse more sensitive indicators of

pulnonary oxygen toxicity may exist
elsewhere, the investigatcrs at NSHRL
want to apply current research

technology to achieve early and accurate
quantification of pulmonary oxygen
toxicity in human volunteers. The goal
of this workshop is to improve NSMRL's
technical and scientific approach to the
study of pulmonary oXygen toxicity i1n
hunans exposed to compressed air.




PULMONARY OXYGEN TOXICITY AND SUBMARINE RESCUE
R. G. Eckenhoff

.The research in which we are
presently involved 1s  primarily in
support of the U.S. Navy submarine
rescue capability. The basis £for the
connection of saturation diving
experiments and submarine rescue is
simply that; a) any casualty resulting

in the sinking of a submarine has a high
probability of causing compression of
the submarine”s atmosphere, and b)
present U.Ss. Havy submarine rescue
vehicles cannot respond for at least 48
hours. Thus the submarine’s crew will
be saturated on air at the submarine’s
internal-—pressure anywhere from 1 ATA
to awmbient. However, the has been
designed to effect a rescue at internal
pressures only up to 5 ATA, as a greater
degree of pressurization is believed to
resuit in unrescuable corditions.

Air at 5 ATA contains about 300 mullg
of oxygen or about 1 ATA. Exposure to
tnis atmospnere for periods of 36~48
hours will result in signs and symptoms
of pulmonary oxygen toxicity which may
seriously affect the survival and
handling of crewmembers after rescue.
Hormobaric 100% oxygen studies (p02=1.00
ATA) have confirmed this, but a parallel
to the situation at 5 ATA air cannot be
assumed as there 1is evidence showing
that diluted oxygen (equivalent partial
pressures) is generally tolerated
better, both in nuwans and animals. The
mechanism 1is unclear; it may be related
to the role of atelectasis, a
ventiiatory or diffusion effect of the
relatively denser gas 1implied by the
diluted oxygen mixture, or a

narcotic/CKS effect of the elevated

inert gas partial pressure.
Fundamentally, then, we are

interested in determining the

characteristics and rate of development
of pulmonary oxygen toxicity in. humans

exposed to 5 ATA air, so that the
condition of submarine survivors can be
predicted., This information may allow
a) improved proceduresfequipment in
submarine rescue and b) optimal handling
of survivors after rescue.

Studies at this laboratory to date have
shown that:

a) Humans can tolerate ayperbaric
air at 2.8 ATA (p02=0.60 ATA) for
periods of at least a week witn only
minimal signs and symptoms consistent
with pulmonary oxygen toxicity,

b) A pO2 of about 0.60 ATA is
probably very <close to the safe
tolerable limit for human exposures.

¢) Humans c¢an tolerate 24 hours

exposure to 5 ATA air (800 mmHg) with a
subsequent air decompression, and
demonstrate only moderate symptoms and
mild decrements in the vital cgpacity.

Hore detail concerning these
experiments will be addressed by Xr.
Dougherty, The continuation of these

studies has the goal of examining the
tolerance of a 48 hour exposure to 5 ATA
air. The next series, scheduled to
begin in fall of 1982, will approach
this exposure, The preliminary design
of this “dive” includes a 48 hour stay
at 5 ATA breathing normoxic nitrogen
(p02=0.50 ATA) prior to the isobarie
switch to zir., The air exposure will
continue for the remzining time at 5 ATA
(at least 30 Thours) and through
cecompression, This design is
preliminary, and i1s open to comments and
discussion.

Although there is no question that
vital capacity decrements are observed
in early stages of pulmonary oxygen




toxicity, 1ts sensitivity and meaning
are open to question. The mechanism of
tne wvital capacity decrement remains
unknown. There is even disagreement on
how best to perform the vital capacity
and associated pulmeonary mechanics
maneuvers. For these reasons, we are
interested in  pursuing additional
methodology for  the  detection  and
quantification of pulmonary  oxygen
toxicity in humans. Since human studies
cannot be carried to the degree of
irreversibility, it is important that
these wmethods be reliable and sensitive
in detecting and following early
pulmonary  oxygen  toxicity, so that
extrapolation and prediction about the
point of incapacitation or death, can be

wade. Reports abound concerning the
applicability of: lung water
determinations, pulmonary lymph £low,

- permeability changes, biochemical
markers (serotonin, prostaglandins,
angiotensin converting enzyme,

antioxidant enzywes, fibronectin, etc.)
and gas exchange in pulmonary oxygen
toxicity. Are these techniques
applicable to humans 1in a hyperbaric
champber? Which have the most potential?
It is for this sort of question that the
present wvorkshop was initiated,
Additional methodology will mnot only
enable the experiments to better answer
the operational questions, but also to
provide wmore insight into the hnuman
tolerance oI oxygzen.




PULMONARY OXYGEN TOXICITY IN HUMANS
EXPOSED TO HYPERBARIC AIR

J. H. Dougherty

The following is a summary of
pulmonary function data obtained during
air saturation (AIRSAT) experiments 1, 2
and 3. Briefly, AIRSAT 1 and 2 were
week long exposures to a storage depth
of 60 fswg breathing air, with air
excursions to 100 fswg for 8 hours in
the former, and 150 fswg for 2 hours in
the latter, The storage depth for
AIRSAT 3 was 132 fswgy with an initial
period of normoxic storage and air
excursions to 200 fswg, and then a 24
hour exposure to air at the same storage
depth with a subsequent air
decompression, Thirty-four  subjects
were involved in these three
experiments, and no subjects were used
twice.

Forced expiratory spirometry was
per formed using a Med-Science
Electronics wedge  spirometer, a
pulmodigitizer and an x-y oscilloscope
for monitoring and coaxing. ALl tests
were performed at least in duplicate,
the higher value being recorded. Other
lung volumes and diffusing capacity were
obtained in the pre and post dive
periods omnly,

Significant  symptoms of  chest
discomfort, retrosternal irritatiomn and
cough were found in about 30%Z of AIRSAT
1 subjects, 357 of AIRSAT 2 subjects and
90% of AISAT 3 subjects. Significant
decrewents (greater than 2 SD of their
control values) in the forced vital
capacity (FVC) occurred in about 13% of
AIRSAT 1 subjects, 307 of AIRSAT 2
subjects and 50% of AIRSAT 3 subjects.

The wean maximal decrement in FVC was
approximately 2.5% of control im AIRSAT
1, 2.0% in AIRSAT 2 and 6% in AIRSAT 3.
Individual variability was noteworthy,
with some subjects showing greater than
a 20k decrement, and others virtually

none. The symptoms generally, but not
alwvays, preceded the changes in the FVC,
and correlated in degree. Although no
correlation between age and the FVC
decrement was observed, the smokers as a
group had a larger mean FVC decrement
than the nonsmoking group.

Besides the expected depth related
changes in flow rates, no significant
change in the forced expired voluwme in
one second, forced expired volume in two
seconds, peak expiratory flow rate, or
peak inspiratory flow rate was noted.

The mean post dive single breath
diffusing capacity was lower than that
in the predive period in all cases, but
only showed statistical significance in
AIRSAT 3. The maximal drop was in the
third postdive day, with almost complete
recovery by the fifth postdive day.

Some preliminary measurements of
the inspiratory/expiratory time ratio
during quiet Dbreathing were taken. No
significant changes were noted, but the
sample size was small.
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DISCUSSIOR

Several group members asked for|
clarification of the submarine rescue|
procedures and capabilities. The

response can be sunmarized zas follows:

a) Only two DSRVs exist, and both
are stationed in San Diego. They can be
transported by either land, sea or air,

but the complexity of the transportation
operation is such that a 48 hour
response time may be optimistic.

b) The
capable of removing about cne

‘several trips may be required.

ATA, but cznnot

perform the mnecessary
prolonged saturation decompression.
Therefore, the DSRV occupants must be
transferred to a facility  fox
decompression (Deck Decompression
Chamber — DDC).
d) The distressed submarine
crewnembers would be unable to breathe

normoxi¢ ritrogen/oxygen while on board

the submarine, or wiile in the DDC, but
could while or board the DSRV, However,
the DDC could be “rigged” so that the

DSRV is a transfer vessel, '
fifth of
the submarine crew at a time. Therefore, -

occupants would breathe down the Oé
level--whichk could then be maintained at

tnis lower level by the oxygen make-up
system.

Several comments concerning the
data presented by DMNr. Dougherty were
nade;

a) Protocols are complex. It is
difficult to interpret what 1s going on
at any one point due to the changes
preceding 1it.

b) 1In a previously healthy subject

a 25% decrement in vital capacity way
have very little meaning, so clinical
significance should be defined

carefully.

¢) Data must be considered in terms
of both populations and individuals.

Dr. Eckenhoff asked the group to
conment on  two aspects of the
experimental design of AIRSAT &4; a) the

exposure duration at 5 ATA air, and b)

the period of normoxic nitrogen oxygen
(nitrox) at 5 ATA prior to the air
exposure. The ensuing discussion
resulted in the following
recomendations:

1) The members agreed that an
exposure duration of at least 48 hours,

rather than the 30 hours planned, should
be the next step. Information will be

_ obtained more rapidly, and the subject’s
» safety will not be
¢) The DSRV can be pressurized to 5

compromised due to
the ease of switching back to 2 normoxic
atmosphere when a predetermined level of
signs/symptoms has been reached in any
subject.

2) Agreement was not immediately
forthcouwing with point b). While some
group members malntained that a 48 hour
period was necessary to obtainm adequate
control information for the subsequent
air exposure, others claimed thzt it
would hLave an unknown effect on the
subsequent tolerance of the ailr exposure
making  interpretation difficult. Vo




concensus was reached, but a reasonable
compromise put forth by Drs. HNenkes and
Clark was to use a shorter period of
normoxic nitrox (12 hours or less) which

would allow
effects of

measurement of
hyperbaria

the acute
alone, and

" introduce minimal contamination of the

air exposure data.




THE PATHOGENESIS AND BIOCHEMISTRY OF PULMONARY OXYGEN TOXICITY

A. B. Fisher

Pulmonary Oxygen Toxicity can be
divided into four different syndromes:

1) Absorption atelectasis.

Important with 100% oxygen, but less
so with diluted mixtures (independent of
the p02). Hay cause vital capacity to
decrease, and cause arterial
desaturation,

2) Tracheobronchitis.

Consists of substernal discomfort
and cough, Decreased tracheobronchial
clearance may be first manifestation of
this syndrome and  pulmonary  oxygen
toxicity in gemeral. This syndrome is
probably not important by itself, but is
a harbinger of nore serious
manifestations and may lead to secondary
effects such as increased susceptibility
to infection,

3) Adult Respiratory Distress Syndrome
(ARDS) .

Consists
acidosis and

of progressive dyspnea,
death, Honcardiogenic

pulmonary edema 1s predominant finding’

in this terminal, possibly irreversible
phase of oxygen toxicity.

4) Bromchopulmomary dysplasia,

Characterized by progressive
restrictive pulmonary problems with
time., Hay be caused by chronic exposure
to an elevated p02 insufficient to cause
ARDS. Comnsists primarily of fibrosis
and cellular proliferatiorn.

The ARDS syndrome will be dealt
with for the remainder of this
presentation. In the progression of
pulmonary oxygen toxicity, the pulmonary
endothelial cell is first to change,
with  subsequent swellinz of the

interstitium., Type I alveolar cells are
next affected, followed by the type 1II
cell. The type II cell is actually
somewhat resistant to hyperoxia, usually
showing proliferation during prolonged
exposures. Endothelial danage
progresses to wilere caplllary surface
area nas decreased by about 50% in some
studies. The basis for endothelial cell
sensitivity is not well understood.

In ARDS, the effects oi oxygen camn
be divided into direct and indirect
effects.

Indirect: CHS toxicity (seizures),
sympatho—adrenzl discharge,
pulmonary venous hypertension,
secondary infection, absorption
atelectasis, surfactant inactivation
and inflammation.

Direct: Can be divided into

A. lembrane damage (cells and
organeiles.

B. Enzyue inactivation
(sulfhydryl containing enzymes)

Of the direct and indirect causes
of ARDS, the direct effects are provabvly
tne wmost important. The bilochenical
events leading to these direct effects
are probably initiated by Iree radicals’
generated 1n increased amounts because
of tune increased 02, Awmong the
involved oxidants: superoxide  anion,
hydrogen perczxide, hydroxyl radical and
singlet oxygen, the hydroxyl radical
(CH) 1s most potent, and way be
responsible for much of the damage secern
in puluorary oxygen toxicity. 0H is
generated by the reaction of H202 and




normally Lkept at very low
concentrations because the protective
enzymes; superoxide dismutase, catalase
and glutathione peroxidase maintain the
precursors at low levels. In the
presence ©of high p02 the increased
production of SO0A and H202 probably
saturates the scavenging enzymes, and
results in the tformation of OH., OH may
then go on to cause 1lipid peroxidation
and protein  inactivation” (s1
crosslinking ... loss of = activity)
causing membrane and enzyme dysfunction,
which somehow results in the syndrome of
pulmonary oxygen  toxicity. Other
important oxidant scavengers are Vitamin
E, Vitamin C, beta-carotene, and
glutathione.

SO4 and 1is

Indices of endothelial function.

serotonin (5-HT) and
from venous blood
extent 1in the
wicrovasculature,

Clearance .of
norepinephrine (NE)
occurs to a large
pulmonary

specifically, the endothelial cells.
Isclated perfused 1lung studies have

demonstrated a significant decrease in
the clearance of 5-HT after a 1 hour
exposure to & ATA oxygen. The decrease
is earlier and larger, with a slower
recovery in vitamiun E deficient animals,
NE shows a similar pattern on eXposure
to oxygen. Imipramine, on the other
hand, shows no change., It is cleared by
a different mechanism (binding).

Prostaglandins (PG) are also
metabolized to a degree in the lung,
again probably the endothelial cell., 1In
one study, a decrease in PGE2 metabolism
was noted after 36 hours of 100% oxygen.
The mechanism is probably inactivation
of PG dehydrogenase, Thus, a change in
PG metabolism may be a relatively 1later
event than depression of amine uptake,

Another  index, possibly of both
endothelial cell furction and integrity,
is the measurement of plasma fibromectin
(FN). This is a large glycoprotein
present in the plasma in  large
quantities (150 wgZ%) having diverse
physiologic properties. Plasma F¥ has

8

been found to decrease under
of general

conditions
lung damage and sepsis. A
study in animals exposed to  100%
normobaric oxygen demonstrated a
decrease in F¥ at 36-48 hours, and then
a dramatic increase prior to death., The
decrease is believed to be the result of
‘decreased production and/or increased
clearance {(RE system) whereas the
preterminal increase way be due to
exfoliating endothelial cells releasing
ground substance into the circulation.
This is only speculative as it 1is not
certazin that the FN is even coming from
the pulmonary circulation, it may arise
from increased production by the liver.

SUMMARY
Characterization of the ARDS syndrome of

pulmonary o=xygen  toxieity wmay be
possible by examining:

1) Pulumonmary edema (CXR, diffusion
capacity, etc.)

2) Endothelial cell function (5, HT,
PGE2, FN, NE)
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DISCUSSION

Dr. Clark opened the discussion by

asking Dr.
studies of
lung. Dr.

Fisher to surmarize present
lipid peroxidation 1in the
Fisher described research in

two areas: a) Tissue/blood peroxidation
products: Malondialdehyde (TBA reactive
material) has been shown 1in vitro to
increase under conditions  of lipid
peroxidation, but studies in 1intact
animals or with oxygen are either
lacking or not promising. b) Expired
sas lipid peroxidation products,
Vl-pentane &nd ethane are products of
lipid peroxidation and have been shown
to increase in concentration in the

expired gas on exposure to ozome, Again,

no studies with oxygen have been
performed. Additiomnally, some  very
early work with expired gas chemo=-

luminescence (some peroxidation products
are luminescent) is being done. However,
substantial technical problems with both
of these methods exist.

Dr. Staub asked whether the
decrease in 5-HT uptake could be due to
increased capillary surface area rather
than endothelial cell dysfunction, and
also, whether blood 5-~KT levels increase
to correlate with  the decreased
clearance demonstrated in oxygen toxic
animals. Dr. Fisher could not rule out
the former, but noted that imiprawmine
clearance was unaffected at a time when
capillary surface area should be
decreased. Additionally, he noted that
at least one study nas shown an increase
in blood 5-HT levels on oxygen exposure.

9

Drs. Greene and lenkes wondered if
a direct connection between pulmonary
endothelial cell function and pulmonary
mechanics, or possibly hemodynamics, may
exist, Boch Drs. Lambertsen and Fisher
believed the only direct connection to
be oxygen; the toxic agent, and that the
effects proceed via separate mechanisms
from a common subcellular insult.

Dr. Fisher, in answering a question
posed by Dr. Pietra, stated that there
were no tests of pulmonary epithelial
cell function which would be wuseful in

oxygen studies. Some studies have
examined surfactant production as an
index of Type II cell function, but

changes have been variable with exposure
to oxygen. ’

The group turmed to fibromectin with
Dr. Clark asking for the mechenism of
the early decrease in serum levels prior
to the large preterminal increase in
animals exposed to oxygen. Although the

answver to this question was not
available, possibilities raised by Dr.
Fisher and Dr. Staub were decreased

production or increased removal via the
reticuloendothelial system. Furthermore,
it was emphasized that no human studies
of fibromectin and oxygen toxicity have
beer done, and that measurement in
studies such as that planned is
recornended.

In closing this discussion, Dr.
Staub offered an approach for . examining
endothelial cell function which does not
require the invasive teciniques  and
radioisotopes ©of the aforementioned
assays (5-Hydroxy Tryptamine, ACE). A
substance normally 1004 cleared 1in a
single pass through the pulmornary
microcirculation, PGE1L, could be
infused, and the effect on systemic
blood pressure would then be wmonitored;
theoretically, a decrease 1in systemic
blood pressure would represent decreased
clearance of PGEl by the oxygen damaged
lungs.




PULMONARY OXYGEN TOXICITY IN MAN
J. M. C(Clark

Hyperoxia affects pulmonary function
in a continuum from the earliest changes
until death. Studies performed at the
University of Pennsylvania Institute for
Environmental Hedicine several years ago
examined the effect of continuous 6- to
12-hour oxygen exposures at 2 ATA on the
-pulmonary function of 13 healthy young

men, Symptoms began with carinal
irritation 3 to 6 hours into the
exposure, progressing to severe
coughing, substernal  burning, and

ultimately dyspnea even at rest in some
subjects. Two subjects had nausea and
vomiting, and 2 had symptomatic
orthostatic  hypotension, Pulmonary
symptoms generally correlated in degree
with pulmonary function decrements, but
some subjects had severe symptoms with
relatively small objective changes,
while others had minimal symptoms with
prominent functional decrements. Vital
capacity (VC), inspiratory capacity
(IC), 1l-sec forced inspired volume
(FIV1), and maximal inspiratory flow
rate  (MIFR)  all vere decreased
immediately post-exposure, ~ These
measurements continued to decline,
reaching a maximum deficit 2-4 hours
after the exposure had ended. For
example: the mean VC at the end of the
exposure was decreased approximately 10%
from pre—~exposure values, and then fell
to a maximum decrement of 16% a few
hours later, Individual variability was
noteworthy, with one subjeet having a
40% maximal VC drop and others with less
then 10Z decrements.

The VC decrement was entirely within

the IC component, since  expiratory
reserve volume (ERV) increased
significantly. The 2-stage VC wvas
frequently greater than the normal VC

maneuver, presumably due to some degree
of air trapping. The normal sitting/
supine VC relationship (sitting ' greater

10

than supine VC) was reversed after
exXposure to oxygen and did not return
until 1-2 days post-exposure., Compliance
and transpulmonary pressure gradient at
total 1lung capacity were reduced after
exposure to oxygen, but not markedly.
Host altered pulmonary  functions
returned to control values in from 1-3
days post—-exposure with two subjects
requiring 11-12 days. This 1is in
contrast to Caldwell”s 1 ATA study where
several weeks were required for complete
recovery in one subject.

The mechanism of VC decrement in
oxygen exposure 1s not well established,
The decrease in compliance probably
contributed, but was not large enough to
account for the total decrement in VC,
It 1is interesting to note that two
subjects had a reduced inspiratory
negative  pressure, suggesting the
possibility  that reduced chest wall
strength may be partially responsible
for the VC drop. The role of
atelectasis was probably minimal because
of the hourly triplicate VC maneuvers
and  absence: of a change in
alveolar-arterial oxygen difference.

Although the alveolar-arterial
oxygen gradient in 5 subjects was mot
altered from control values, diffusing
capacity  (DLCQO)  was significantly
reduced both immediately and 12-24 hours
after termination of the exposures. The
pulmonary capillary blood volume was
also reduced, but membrane diffusing
capacity was not changed. Reccvery data
are not  available. However, some
subjeects in =2 French series of dives
(JAWUS) required more than 16 days for
complete reversal of an oxygen—induced
Dlco decreument.

Although it was  impossible to
examine the lungs of the above subjects,




a recent series of monkey studies
demonstrated that chronic exposure to 1
ATA oxygen produced a marked decrease 1in
the number of Type I alveolar cells,
with proliferation and hypertrophy of
Tvpe I1 cells. In lung samples
hospitalized patients exposed to 0.6-1.0
ATA oxygen for 1 to 13 days, electron
microscopy has shown  primarily a
widening of the interstitial space.

There remains some question
regarding the safe limit of  oxygen
exposure in mwan. In sSeveral human
exposures to oxygen at 0.5 ATA or less
(more than 100 subjects), no

statistically significant changes in any
puleionary function parameters were found
during and after exposure durations up
to 14 <days at 0.5 ATA and 30 days at
0.33 ATA.

SUMMARY

1. Pulmonary oxygen toxicity produced
in healthy subjects is marked primarily
by symptoms of tracheobronchitis and
objective changes that alter inspiratory
more than expiratory function.

2. Hechanisms of the pulmonary function
changes remain unclear.

3. Alveolar atelectasis is not an early

manifestation of  pulmonary oxygen
poisoning in man.
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DISCUSSION

Dr. Menkes initiated the discussion
by hypothesizing that two, possibly
separate, Drocesses were occurring;

1) The decreased vital capacity--
mostly an expression of a reduced total
lung capacity (TLC) due to either a)
pain or motivational factors (unlikely
because discomfort and FVC were not
correlated in any of the data), and b)
increased sensitivity of airvay
receptors which limit inspiratory effort
{possible since transpulmonary pressure
is not increased and TLC is decreased)}.

2) The gas exchange defect occurs
later, and 1s distinguished by
decreasing diffusing capacity,
increasing lung water and probably the
metabolic dysfunctions addressed by Dr.
Fisher:

This was not challenged except that
Dr. Staub warned that the Dico
measurement is dependent on the TLC and
should be corrected accordingly.
However, agreement was not reached on
this matter.

Concerning the oxygen  induced
tracheobronchitis, Drs. Fisher and
Clark suggested that changes in




tracheobronchial clearance may be an
early indication of oxygen toxicity. One
recent study shows some changes only
after 6 hours of 1 ATA oxygen breathing.
Dr. Lambertsen stressed that
relationship between these three aspects
of pulmonary oxygen toxicity
(tracheobronchitis, alterations in
pulmonary mechanics and gas exchange

defects) 1is not well known, either in a
physiologic or rate of development’
sense,

Because of the carinal irritation,
Dr. ZEckenhoff asked if a consistent
difference had been noted between the
forced and non—-forced expiratory
spirometry. Dr. Clark claimed that no
difference in their study existed, and
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he restated his feeling that the
tracheobronchitis is a minimal
contributor to the wvital capacity
decrement.

Dr. Knight wondered if other
studies of oxygen toxicity had noted
orthostatic hypotension, as was seen in

two of Dr. Clark”s subjects 2-4 hours
after the cessation of oxygen breathing.
Dr. Greenme noted that this problem was
present in Hendrick”’s intermittent
oxygen study, and Dr. Eckenhoff noted
that several subjects had symptomatic
orthostasis in the AIRSAT 3 experiments.
The mechanism for orthostasis after
oxygen exposure as a physiologic and/or
toxic effect of oxygen was discussed
briefly with no consensus.




HOST FACTORS DETERMINING SENSITIVITY
TO PULMONARY IRRITANTS

H. A. Menkes
There is a continvum of airway however, appears to affect both the
reactivity between the extremes of small airways and collaterals.
outright asthma and normal. Host
factors exist which determine the Collaterals again are preferentially
magnitude of airway reactivity. Since affected by 0.1 ppm ozone except that at
atropine can block the effect of sulfur nigher levels (2 "ppm), small airways
dioxide on the large airways conductance bezin to become affected as well.
in both asthmatic and normal subjects, Additionally, with the lower dose ozone
the reactivity is probably mediated via , @ rapid omset of tolerance is noted
tiie parasympathetics, after 15 or 20 mnin. There is a lomg
term  adaptive  process as well,
In addition to the magnitude, the Intermittent  exposure to ozone for
site of reactivity is important. Airway several days results in a reduced
response can be segregated into large, response to an ozone challenge. After
small and collateral by certain prior exposure to ozone, sulfurdioxide

techniques as shown below:

AIRWAY TEST
Large Maximal flow at high lung
volumes
Large airway conductance
Small Closing volume

Flow at low lung volumes
with helium

Stop - flow using
bronchoscopy

Collateral Stop - flow

By looking at different sites, a sex
difference in reactivity produced by

cigarette smoke has been demonstrated.
Female human subjects have less small.
airway reactivity on challange than do

matched male subjects, whereas the large
airwvays react similarly.

The stop/flow technique, which
measures flow characteristics 1n an
isolated, obstructed portion of lung,
has demonstrated an  increase in
collateral resistance with no change in
small airway resistance on exposure to
cigarette  smoke, histamine or with
pulmonary edema (cardiac or alloxan
generated). Methacholine in solution,
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or viral infections, there is evidence
that airways reactivity to histamine is
increased, This does not appear to be
true for collaterals but probably is so
for the swmall airways.

SUMMARY
1. Site and intensity of airway
response differ depending on host

factors, insult and insult history.

2. Airway reactivity 1is probably a

nonspecific end product of wultiple
processes, Thus, airwvays that respond
more to one agent will in all

probability respond more to znother,

3. Oxygen may act in 2 similar fashiom
to the agents discussed, in particular;
ozone,

REFERENCES

Chai, 1., R.S. Farr, L.A., Froehlick,
D.A. Mathison, J.A. lcLean, R.B.
Rosenthal, A.L, Sheffer, S.L. Spector
ad R.G.Townley. Standardization  of
bronchial inhalation ckallenge
procedures. J Allergy Clin Immunol

56:323, 1975,




F.E. R.R.
H. 1denkes, W.R.
and P.S. Norman.
methacholine in
non-allergic subjects.

13:579, 1976.

Fish, Rosenthal, G. Batra,
Sutmer, S. Pernmutt
Alrway responses to
allergic and

Am Rev Resp Dis

Bleecker, E.R., R.R. Rosenthal, H.A.
Menkes, P.S., Norman and S. Permutt.
Physiologic effects of inhaled histamine

in  asthma: reversible changes in
pulmonary wmechanics and total lung
capacity. J Allergy Clin Immunol

64(6):597, 1979.
Kaplan, J., G.C. Smaldone, H.A. lenkes,
D.L. Swift and R.J. Traystman,
Response of collateral channels to
histamine: lack of vagal effect. J Appl
Physiol: Respirat  Environ  Exercise
* Paysiol 51(5):1314, 1981.

Dimeo, M.J., M.G. Glenn, M.J. Holtzman,
J.R. Sheller, J.A. adel and E.A.
Boushey. Threshold concentration of
ozone causing an increase in _bronchial
reactivity in humans and adaption with
repeated exposures. Am Rev Resp Dis
124:245, 1981. '

DISCUSSION

Dr. Staupb asked Dr. tlenkes to
clarify the anatomical nature of the
collateral airwvays. In answer, Dr.
llenkes stated that the precise anatomic
correlates are unot Known; they are

smaller than the smzll airways.
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Dr. Menkes then asked the group if
the signs and symptoms of early oxygen
toxicity may have a similar cause as the
airwvay reactivity to histamine or ozone,

and whether this would be entirely
different from the toxic metabolic
effects later on. Although no direct
answer was given to this question, it

opened a discussion of the difference
between oxygen and ozone toxicity. The
major points raised were:

1) Ozone, being far more reactive
than oxygen, produces most of its effect
and damage on the tracheobroucheal tree
rather than the parencayma. 70-30% of
the ozone 1is removed from the inspired
air before it gets past the tracheal
bifurcation.

2) However, ozone does reach the
lung parenchyma in sufficient quantities
to cause demage. Pulmonary edema,
macrophage and RBS membrane damage have
all been reported in ozone toxicity.

3) Ozone is probably
model for the study of oxygen toxicity,
but 1lessons can be learned which are of
value in the study of pulronary oxygen
toxicity.

not a good

Dr. Lambertsen closed this
discussion by asking the group whether
czone  cottaminztion may  have been
present in previous oxygen studies, or
whether any measurements of ozone in
oxygen systems or hyperbaric chembers
have Dpeéen wmade. Ho one knew, but the
consensus of opinion was that it should
be measurec¢ to rule out any contributory
effect of swmall concentrations of ozone.



THE MEASUREMENT OF PULMONARY EDEMA IN MAN
N. C. Staub

There are three general approaches
available for the quantification of

pulnonary extravascular water content:
1, Hicrovascular £luid filtration
rate.
2. Extravascular content
neasurenent.,

water

3. Measurement of endothelial or

epithelial permeability.

1. The measurement of fluid filtration

is invasive., In one recent series of
studies, pulmonary 1lymph flow, lymph
protein concentration and the

lymph/plasma protein.concentration ratio
were determined in nevborn lambs exposed
to 100% oxygen at 1 ATA. The first
detectable change occurred at about 438
hours and was an increase in the protein
concentration of lung lymph. Lymph flow

increased during the third day., All
indices continued to change until .the
animals died between 72-96 hours. This
technique is not applicable to human
studies at this time.

2. Several wmethods exist for the

measurement of lung water coutent,

a. Chest Roentgenogram

This approach 1is inexspensive, well
standardized and the  equipwent is
readily available. But it 1is only

semiquantitative and not very seunsitive.
Pulmonary edema 1s diagnosed reliably
when extravascular lung water content is
increased by about 30%. Overdiagnosis
may be a problem wunless control films
are available. Sequential x-ray in each
individual yields the highest
sensitivity and accuracy.

b. Pulmonary Function Tests

These are relatively non-specific
and of low sensitivity for the detection
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of pulmonary edema. Interstitial edema
does not reiiably change any pulmonary

function test. However, if used sequen-
tially in a single individusl,
progressive changes may be related to
edema formation.

c. Tissue volume meazsured by

soluble gas uptake,

This is done by rebreathing a
soluble gas (acetyleme or others) and,
from the extrapolated siope of the
disappearance curve to =zero time, the
initial mass of lung tissue exposed to

tite soluble
adding other

gas is determined. By
gases, lung volume,
pulmonary blood flow, and diffusing
capacity c¢an be obtained in addition to
the tissue volume during a single 20
second  rebreathing  period. it 1is
important to subtract the pulmonary
capillary blood volume from the measured
tissue volume in order to obtain the
extra- vascular tissue volume.
Semsitivity in detecting lung water 1is
probably better than for the chest x-ray
but the reproducibility is only about
plus or minus 10%.

d. Transthoracic
Impedance

electrical

This technique measures changes in
electrical impedznce across the chest.
Since most cf the current traverses the
chest wall and not the luang, the results
have not been promising. Focused
techniques have not improved the results

significantly. Therefore, most
investigators  have  abandoned this
approach.
e. Lung Density

Focused, monochromatic gamma ray

sources (such as cobalt) can be used to
quantify lung density at specific sites.
The technique is sensitive to changes in




lung density but does not permit one to

¢istinguish Dbetween  various causes
(atelectasis, edema or vascular
congestion),

Another approaci to measure the
density of a specific small portion of
lung tissue is to compare Compton
scattering induced by  monochromatic
gamma rays. The technique is semsitive
but again suffers from lack of
specificity.

f. Computerized Axial Towography

This is another radiograpiic demsity

measureuent that has been tested
clinically. It still lacks great
precision and sensitivity but may

eventually be more quantitative than the
chest  x-ray. Unfortunately, the
machinery 1s bulky and impractical for
use in an exposure chamber,

g. Wuclear Hagnetic Resonance (NMR)

This teciinique uses the
electromagnetic properties of  water
molecules wilen subjected to an external
wagnetic field and radio  frequency
stimulation. t has the unique ability
tc exciude intravascular water (flowing
olood) and measure only extravascular
stationary weter. HiR wmay be useful and
sensitive in future studies of pulmonary
edema but currently the size and cost of
equipment  makes it impractical for
chamber use.

1. Double Incicator Dilution
Two tracers (generally radioactive)
adwinistered  1intravenously, one
rapidly diffuses into the lung
(tritiated water), and one
confined to the wvascular compartment
(labeled albumin). Analysis of thke
outflowing Dblood radloactivity can be
made after a single pass through the
lung or after multiple circulations. The
technique requires venous and arterial

are
which
tissue
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catheters, removes relatively large
quantities of blood and is time
consuming., The method is accurate for
wmoderate to severe pulmomary edema but
the chest X-ray appears be more

sensitive for minimal edema.

to

1.
heat

Double Indicator Dilution using

This is a modification of the double

indicator dilution method to wuse mnore
rapidly diffusible heat., It still
requires venous and arterial catheters

but can be done on-line and with minimal
loss of blood. The technique has
promise  especially for generalized
pulmonary edema and sequential studies,
Currently there are numerous clinical
evaluations 1in progress,

3. The mneasurement of endothelial or
alveolar epithelial permeability has the
potential of being the most sensitive
and azccurate approach to the measurement
of alveolar~capillary injury. Three
different approaches have been tried.

a) Multiple
Multiple tracers are administered
intravenously including radioactively
labeled sodium, water, urea and albumin,
These are collected from arterial blood
after single pass and the
time—-concentration relationship
analyzed. The is t inle
consuming.

indicator dilution.

analysis

b) Radioactively labeled trarnsferrin
is administered intravenously and the
rate of appearance of the radioactivity
over the chest (reflecting the rate of
protein  leazking out 1into the 1lung
extravascular space) is determined with
a gamma counter or scintillation camera.
The test requires measurements for
approximately 30 mwinutes but is
essentially non-~invasive, reproducible
and hes a promise of great accuracy.
Human studies are 1n progress in a
number of laboratories, but the method
is not generally available vet.




¢) Labeled DPTA is administered by
areosol inhalation and the disappearance
of radioactivity from the lungs 1is
determined by gamma counting over the
chest. This method reflects more of the
permeability of the epithelial barrier
than of the endothelial barrier. o

These last two methods are promising
in animal and preliminary human studies.

In theory, the method should be much
nore sensitive than the chest
roentgenogram., Their only fault is a

lack of standardizationmn.
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DISCUSSION

Dr. -Farhi opened the discussion by
pointing out that it is  presently
impossible to obtain acetylene which is
free of the contaminates phosphene and
phosgene, and  that  human subjects
protection cormittees have mnot  been
approving 1its wuse, at least at SUHY,
Buffalo. Although the other members of
the group were unaware of this problen,
Drs. Greene and Farhi noted that other
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Zases can be wused;
close in solubility to

A discussion concerning
usefulness of the acetylene method,

lung water mnmeasurements
followed.

Freon-22
acetylene,

is very

the
or
in general,
The major points made were:
1. Lung water or pulmonary tissue
volume measurements must be combined
with a determination of pulmonary
capillary blood voiume so that changing
intravascular volumes will not
contaminate the desired interstitial
compartment volume measurements.

2. Lung water content
volume does not change until relatively
late in  animals (sheep & rabbits)
exposed to 1 ATA oxygen, and thus can
ot be considered to be a sensitive
index of the onset of pulmonary oxygen
toxicity.

or tissue

3. Lung water or tissue volume
measuremients in  humans  have  been
contradictory; some studies have shown a
very early change on  exposure to
hyperoxia and others have been unable to
demonstrate a change (oxygen doses are
highly variable also).

4. &n increase in lung water/tissue
volume may be the earliest event which
correlates with irreversibility or ARDS.
However, the point of irreversibility
has not been established as most animal
studies are carried out to death, and
human studies not carried far enough.
Animal studies are needed to correlate
the point of irreversibility with the
measurements discussed here.

5. Pulmonary membrane permeability
changes appear to occur earlier than
changes in lung water, and may correlate
more closely with the onset of pulwmonary
oxygen toxicity than  any  other
measurement discussed thus far.

6. Any new approach to the study of
pulmonary oxygen toxicity should be
correlated with measures of lung water,
lymph flow as well as more traditional
methods.




PULMONARY OXYGEN TOXICITY IN CONSCIOUS ANIMALS

L.

The use of anesthetized animals
yields only a limited amount of
information due to the altered
physiolgoy of the anesthetized state.
Therefore, only awake, unanesthetized
anirals are used in these studies.

After 48  thours recovery from
surgical implantation of pulmonary and
systemic arterial catheters, rabbits are
exposed to normobaric 100% oxygen until
death. Arterial and mixed venous blood
gases are collected periodically. After

the initial rise, the arterial oxygen
tension (Pa02) remaius relatively
constant (with a shunt of about 10-20%)

until just prior to the animals death,
(approximately 96 hours) when it drops

suddenly  and dramatically. Some
investigators have found a more
continucus and graduzl drop in the PaQ2
with time in anesthetized animals, The
PaC02 in the unanesthetized rabbits
remains relatively constant, going up
slightly immediately prior to  the

" animals death.

In contrast to
appear to have a more

the rabbits, sheep
gradual £fall in

PaG2, with a marked increase in paC02
prior to death. It 1is important to
note, however, that 1in the sheep, the

Pa02, although decreased from initial
ievels, remains sufficient to maintain
life, and that the mixed venous oxygen
tension (Pv02) remains  constant.,
Arterial pE drops dramatically
consistent with the elevation in the
PaC02, but the base excess also drops
somewilat, possibly indicating localized
acidosis in spite of the constant PvOZ2.

There
different
mechanism
1 ATA 02.

appears then, to be at least 3
possibilities for the ultimate
of death in animals exposed to

1. Inzbility to shift pulmonary
blood flow to ventilated portions of the
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E. Farhi

lung with the onset of pulmonary edema.
(more important in the rabbit)

2. Ability to shift pulmonary blood
flow, but inability to maintain
sufficient ventilation to those open
areas (more important in the sheep).

3. Peripheral death.
lack of perfusion (C2) 1in
peripheral vascular beds.
acting in both animals)

i.e., the
critical
(possibly

In studies of
microsphere injected
demionstrate any
hypoperfused areas. Slight decreases in
cardiac output associated with
significant increases in the perfusion
of the ©brain, heart and kidneys were
noted in the sheep. The increases in
perfusion are more likely related to
hypercapnia rather than hyperoxia.

this latter area,
animals did not
significantly

In order to determine the site of

the sensing mechanism responsible for
this redistribution of blood flow,
aninals were injected with a

fluorocarbon emulsion to increase the 02

carrying capacity without altering the
Pa02, and then exposed to 1 or 3 ATA
100% 02, 1In both cases, the Pad2 was
similar. The Pv02 was initially much
nigher 1in the treated group, but

decreased over a short period of time to
match pre-exposure control values. This,
combined with an increased
arterial-venous difference,
probably represents a decrezse in the
cardiac output with oxygen exposure.
When cardiac output is plotted against
time, the decrease is far wore rapid in
the fluorocarbon treated animals, which
would seem to indicate that the sensing
meciianisms are not on the arterial side,
but further downstream 1in the gas
transport system.

pCo2

In addition
experiments  were

to these studies, some
performed which




examined alveolar membrane permeability
at a time  prior to detectable
alterations in gas exchange. Three
tracers of differing molecular size were
instilled in an isolated portion of lung
in an animal exposed to 100%Z 02. At 48
heurs  {(which i1s 24 hours prior to
observing any defects in gas exchange)
increased permeability of the alveolar
barrier was noted. Electron microscopy
confirmed that the tracer had traversed
the alveolar epithelium and resided in
the interstitium,

SUMMARY

1. Alteration in gas exchange as
indicated by blood gases is a relatively
late event in pulmonary oxygen toxicity.

2. The gas exchange defect is different
in both scope and timing between
different aimals and between the awake
aud anesthetized state.

3. Pulmonary  membrane permeability
alterations are detectable at least 24
hours prioxr to changes in gas exchange.
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DISCUSSICH

Farhi if he
mechanism for
rise in pCO2 in

pr. ylenkes asked Dr.
had any thoughts on the
the relatively sudden
the oxzygen poisoned  sheep. This
question launched the group into a
discussion of ventilatory wmechanics and
gas exchange, the major points being:

1) The mwechanism for the rise in
PaC02 is probably wmixed: edema, small
airwvay collapse, £luid filled alveoli,

circulatory chnanges (botn systemic and
puluonary), and probably occurs in a
continuous, gradual fashion, despite the
"sudden" increase in pCO2 seen

2) Exactly what occurs at the
critical point, ie, where the rate of
rise in the PaC02 becomnes wmuen grezter,
is not well defined, but apparently
represents a loss of the ability to
compensate for the szbove mechanisws.
There 1is some evidence against it being
ventilatory muscle exhaustion, as no
change in ventilatory muscle perfusion
has beeu noted in Farhi”s studies.

3. Absorption
probably of wminor

atelectasis is
importance in the



a. Forced expiratory/inspiratory
spirometry has been shown to change, and
correlation with newer tests would be
desirable.

b. Although some closing volume
measurements have been made in humans
exposed to oxygen, helium forced

spirometry has not,

c.
been shown to change only winimally
previous human oxygen studies.

d. The diffusion
important as evidence
suggests a very slow
Dlco.

Lung volumes and compliance have
in

capacity 1is
exists which
recovery of the

tir. Dougherty wondered whether the
number of repetitions of the forced
expiratory maneuver at each sampling
period was of importance. The group
agreed that, since atelectasis 1s of
little concern in a hyperbaric air
study, the wusual 2-3 repetitions are
sufficient. Pertinent here also, the
group believed that the spirometry
should be performed every 8-12 hours at
the beginning of the exposure,
increasing to every 2-3 by end of
the exposure.

tie

Dr. Staub wes interested 1in the
possibility of airway anesthesia to
remove any influence of pain on the FVC.
Dr, Clark and Mr. Dougherty again
stated their Dbelief that pain 1is =2
minimal centributor to the FVC decrement
seen 1in early oxygen toxicity. Dr.
Greene added that you might be removing
valuabie clinical sign of toxicity by
anestietizing the large airways.

a
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Pr. Fisher and several other
members of the group were interested in
the histamine challenge test and the
potential application to oxygen studies.
This portion of the discussion raised
the following points:

a. A histamine challenge would be
useful to perform pre-exposure to see if
individual airway reactivity correlates
with oxygen sensitivity.

b. It should also be performed
during the oxygen exposures to determine
if and whken airway reactivity to
histamine changes.

c. The test 1is not quantitative
presently.

d. Histanine’s effect lasts up to 2

hours in the asthmatic patient, and 30
minutes in the normal subject, but the
effect may be reversed with aerosolized
isoproterenol.

Dr. Eckenhoff reminded the group
that if the pre-dive histamine challenge
identifies subjects with an asthmatic
adiathesis, there was a possibility that
those subjects would not be allowed to
undergo hyperbaric exposure, as asthma
is absolutely disqualifying for diving
duty in the U.S. Navy. Dr. lienkes
reésponded by stressing that a response
to the histamine challenge test cannot
vet be related pathognomically with the
astimatic syndrome.



Lung Water - N. C. Staub

Serial chest x-rays should be done,
not only before and after the exposure
but at about 12-hour intervals while the
subjects are in the chamber. The zx-ray

could  probably be taken through a
chamber port with only the zx-ray film
plate inside. The x-ray should be read

by a qualified radiologist in a
blind procedure.

single

Determination of lung water by the
acetylene method is reasonably
non-invasive and sinmple. But

contamination by puosgene may render it
ensuitable for chamber studies. The
phosgene hazard is made worse by the

increased partial pressure of oxygen in
the chamber.

If arterial cannulations are planned
for other reasons, the thermodilution
technique 1is feasible. It is fast,
relatively safe and requires minimal
additional equipment. A central venous
line is required but czn be placed via a
peripheral vein without excessive danger
or discomfort.

It 1is unlikely that any of the
measurements of lung water content will
show changes during the proposed 30-48
hour exposure period. All animal data
to date show changes only after 72
nours. The measurement of endothelial
permeability, however, may demonstrate
changes in the time period under
consideration. The 1logistics of these
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tests are difficult. The isotopes have
short half 1lives, some are mnot yet
approved for human use  and the
scintillation camera or 3-inch crystal
must be inside the chamber., It would pe
necessary to set up the methods and
practice  them. It is strongly
recommended if feasible.

DISCUSSION

wvondered whether a

discrete wethod
pulmonary  membrane

(either endothelial or
night be available. Dr.
Staub said he knew of no additional
techniques, and re-emphasizad that the
techniques he described are quite simple
and sensitive,

DPr. Lambertsen
simpler, although less
of determining
permeability
epithelial)

Regarding the chest
Eckenhoff asked whether any
human pulmonary oxygen
reported pleural effusions. The
consensus was that mno such report has
been made. Dr. Fisher, however, statec
that rats exposed to high oxygen
concentrations do develop pleural
effusions.

br.
of

xX-ray,
studies
toxicity had

Dr. Fisher emphasized
techniques described by Dr.
new and most have not
humans exposed to oxygen. They need to
be tested in oxygen exposures at 1 ATA
before they are used in the complicated
environment of a hyperoxic, hyperbaric
cnamber.

that
Staub are
been used in

the




Gas Exchange - L. E. Farhi

The two samples available for gas
exchange data are arterial and venous
blood. The arterial blood gives an idea

of how the lungs are performing, and the
venous blood about how the body tissues
are performing. We will examine the
measurements one by one to see what
samples are justified in a study of this
type.

Arterial PC02. This gives an indication
of lung ventilatory capability. There
is no evidence that PaC02 increases in
humans exposed to oxygen, at least to
the extent that human studies can be
carried out, but rather many. studies
show only a small decrease, representing
mild hyperventilation. Therefore, the
interest here is minimal.

Arterial P02, This will give an
indication of pulmonary perfusion and

ventilation-perfusion characteristics
(V/Q). A decrease may indicate the
earliest irreversible changes in

pulwonary oxygen toxicity, since the P02
has been shown to change only relatively

late in animal studies. This 1is of
interest, then, not only to confirm the
absence o0f 1irreversibility, but also
because there 1is evidence for changing

V/Q relationships in animals exposed to
oxXygen.

Arterial pH. This essentially reflects
the changes in arterial PC02 in acute
exposures of this type. Interest here
would be minimal.

tlixed wvenous PCO2.
not much different

This is generally
than the arterial

PCO2 1in terms of magnitude or direction
of change. It 1s possible to measure by
indirect methods, but the wvalue 1is

questionable.

Hixed Venous PO2. Indicates overall
oxygen tension of the entire body and
thereby gives information about the gas
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exchange status of tissues 1in general.,
Specificity and sensitivity are low, but
the measurement can be mace by
non-invasive indirect methods - ¥§2/C02
nixture rebreathing techniques.

Mixed venous pH. Little
information than the arterial pi,
Peripheral Venous PCOZ, P02 and pH.
Linited usefulness as they only indicate
zas exchange in an 1isclated 1liwmb,
Variability is generally unacceptable.

more

From the
doing an

above then, 1is it worth
arterial puncture to obtaln
data about gas exchange in the proposed
study? Probably not., tieasurements of
mized venous P02 would be simple, non-
invasive, and by altering the protocol
slightly, could yield pulwmonary dplood
flow, lung volume, 1lung tissue volure
and diffusing capacity.

DISCUSSION

The wuse of transcutaneous oximeters
was posed by Dr, Staub, but few members
of the group had had experience with
them under hyperbaric conditioms.,  Iir.
Messier (HSMRL) stated that there are a
few laboratories investigating the wuse
of transcutaneous  oximeters  under
hyperbaric conditions, but that it 1is
too early to comment on the outcome.

Dr. Fisher argued that the mixed
venous P02 would be of very limited
usefulness because any change would be a
late event in pulwonary oxygen toxicity,
and would only indicate grossly impaired
blood delivery to the tissues -
essentially cardiovascular  collapse.
Additionally, subjects this far inte the
toxic process would ©Dbe physicaily
incapable of performing the rebreathing
technique. Dr. Farhi agreed that the
Pv02 should not change until relatively
late, but believed that the subjects




would be able to perform the technique,
and that the information on the gas
exchange status, combined with the
acgditional pulmonary information

obtained, justifies doing the test.

A short discussion concerning the
sampling of arterial blood followed,
with the following points made:

a. Arterial blood gases are not

expected to change significantly in a 48
hour, 1 ata oxyzen exposure.
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b. Individual arterial punctures
are favored unless other studies justify
an arterial catheter.

c. Blood " should be analyzed at

éepth, in the chamber, as extrapolation
curves for decowpressed samples do not
exist.




SUMMARY

The pulmonary
and the various ways
quantifying the

toxicity of oxygen.
of detecting and
associated pulmonary

damage have  been presented and
discussed,

Despite the tremendous amount of
oxygzen related researchh being done,
there has beenr little human date
available since the work of Clark,
Lambertsen, Hendricks and others of a
decade ago. This 1s not unexpected,

of the recent work has been
underlying mechanisus and
patnogenesis, and of necessity must use
animals, However, much of the
methodology 1s at a stage where numan
measurements  are indeed possible.
Particular promise 1is evident 1in the
determination of - pulmonary  membrane
permeability  (either  epithelial or
endothelial) wusing isotopic  tracers,
since changes in the permeability of
tiils membrane appears teo be a very early
event in pulmonary oxygen toxicity.
Additicnally, pulmenary endothelial cell
function, as indiczted by the
measurement of certain blocod components,
iay be a very useful index since the
endothelial cell is reccgnized to be a
site of ezrly damage in pulmonary oxygen

since ruch
directed zat

toxicity., Or the other hand, measures
of lung water (x-ray absorptien,
indicateor dilution, rebreathing soluble

gases, electrical impedance) and gas
exchange appear to change only very
late, and thus are of limited usefuluness
in human studies. HNevertheless, if
correlated with  other indices in
difierent experimental models, these
iate . events could be of major
importance, as they mway more closely
indicate stages of irreversibility than
the early events mentioned above,
Finally, a weans of identifying and
reducing individual oxygen sensitivity
(possibly by quantifying and
manipulating oxyzen scavenging systems)
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would be desirable, but does not appear
te be imninent.

0ld methodology must not be
discarded. Although mwost participeants
of this workshop agreed that forced
expiratory spirometry is net an ideal
index of pulmonary oxygen toxicity,
little was presented that had a clezrcut
advantage over it in terms of simplicity
and sensitivity. Furthermore, it was
‘interesting to note that the exact cause
of the forced vital capacity decrement

in experimental pulmonary  oxygen
toxicity remains  unknown, but  the
possibility of neuromuscular

participation remains an interesting and
poorly studied zrea.

The need for additional information
concerning the huwan tolerance of oxygen
was readily apparent during  this
workshop. The importance of using data
te . predict human tolerance of an
operational or clinical oxygen exXposure

was confirmed., lHowever, much of the
currently available human  pulmonary
oxygen toxicity information loses its
predictive value in the lower oxygen

levels (0.50 te 1.0 ATA), which in fact,
1s where w0St fuman -exposures OCCUr.
This could bte the result of individual
variabilicy, which would be expressed
more in tne low dosage vrange, or
possibly because of a lack of data,
Also, recovery from pulmonary oxygen
toxicity, and peints of irreversibility
“have not been addressed in either man or
animal. The ability to determine an
impenaing irreparable stage would be of
critical iuportance 1in all types of
oxygen exposures. Therefore, additional
human and animal dats concerning the
progression and recovery from pulnonary
oxygen toxicity in these low eXposure
ranges 1s screly needed.

&
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