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EXECUTIVE SUMMARY

Studies of pulmonary effects of oxygen in dry hyperbaric chambers have been
conducted for more than 50 years. Data now available about injury development were
obtained during steady oxygen partial pressure (P0 2) values from 0.21 atmospheres
(atm) to 2.5 atm, and at intermittent P02 values fluctuating between 0.21 atm and 2 atm.
Recovery data were obtained after some of the exposures to steady P0 2 and after
intermittent exposures stepping down from 2.8 atm. We follow other authors' - 10 in
seeking a model of the changes in vital capacity (AVC) that occur during or after
exposure to elevated P0 2, but with more data available to us than were to the other
authors.

We have fitted five categories of models from the literature in both their published and
modified formulations, and four new categories of model. The goal of the work was to
find a universally applicable model of AVC as a function of P0 2. Although this goal has
not been realized, both the limitations and the occasional strengths of the various
models are presented here. Even piecewise models can be useful within the regions
that they approximate.

Models using Marquardt's algorithm were fitted for nonlinear regression implemented in
Pascal (Borland Delphi Professional, ver 4.0). An option to use the Simplex method was
included, and Simplex fits were used sometimes as starting values for Marquardt fits.
Marquardt's lambda was set initially to 10-2 and constrained to a maximum of 10.3 One
parameter was perturbed at a time in the numerical differentiation, and iterations were
deemed to have converged when either the absolute or the fractional difference
between iterations was less than 10- 7 for all parameters; this value is adjustable. To
confirm that no other local minima of the fitting surfaces were located near the fits
obtained, initial estimates of parameters were varied by an order of magnitude in each
direction from the first fit obtained with the entire data set, and the fits were repeated
with the combinations of starting values.

Model fits were compared to the intersubject average AVC expressed as functions of
time for each Po 2 profile. Data collected during or after 19 experiments with a total of
408 subjects were used in the fits. For recovery fits, time was reset to zero at the end of
the exposures. Fits were conducted for all of the data from all experiments, for
subgroupings of the experiments, and, whenever appropriate, for data truncated to omit
recovery, truncated to include only early (8-hour) recovery, and not truncated.

The intersubject average AVC, the quantity to be modeled, varies with P0 2 and with
time. When P0 2 < 0.5, there is little to no AVC; when P0 2 is near 1 atm, AVC decreases
with time, either slightly concave upwards or almost linearly; and when P0 2 is greater
than 1.5 atm, AVC is curvilinear and increasingly concave downward with time as P0 2
increases. Within this general pattern, the intersubject variability in response is large.
Recovery rates are clearly different across exposures and are not a function only of
exposure P0 2.
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All AVC values were normalized by baseline VC. However, the problem of serial
correlation cannot be avoided for variables expressed as change from baseline.
Differences among the experiments also introduce possible bias: some experiments
have few subjects with frequent measurements, and others have more subjects and
longer time intervals between measurements. Fits were computed with weighting "by
datum" - that is, with each measurement weighted equally. Some models were also
fitted with weighting "by subject," where the sums of the weights for all measurements
for each subject were equal. The weightings had little influence either on the goodness
of fit or on the parameter values.

Seven types of models of acute injury were fitted to the data set:
1. Unit Pulmonary Oxygen Toxicity (UPTD) models, previously published;1 3

2. proportional models, previously published; 6

3. proportional rate of healing models, previously published;6
4. autocatalytic models, adapted here for pulmonary application;7
5. exponential models, both previously published and modified; 8- 10

6. sigmoidal dose response models, proposed here; and
7. models with two kinetic components, proposed here.

Two types of model in which inflammatory injury was considered also were proposed
here:

8. injury memory models, and
9. delayed inflammation models.

Model Descriptions and Assessments

1. The UPTD model, first presented by Clark and Lambertsen for elevated P02 only,
was based on the data available at that time. 1-

UPTD = t. [(P02- Pth) / (1 atm - pt)] b, pO2 2 Ph
= 0, P0 2 < Pth

The original definition of UPTD fixed the exponent b = 1/1.2 = 0.833 and the threshold

P0 2, Pth = 0.5 atm.

By inspection of the one set of published data available from multiple sources,2-4

(a. UPTD + c, a UPTD + c< 0O/AVC = I
W,0, a. UPTD + c O.

For Clark's data set1 -3, a = -5.601 e %-min - ' and c = -1%.
We considered this model in three versions: fitting only scaling factor a and offset c;
fitting a, b, and c; and fitting all parameters a, b, c, and Pth. The UPTD model with 2, 3,
or 4 fitted parameters is nearly linear after the effect of the threshold parameter.
Although data from short exposures and those from P0 2 near 1 atm can be
approximated, this model does not fit the data in general. Because it does not include a
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recovery component, it cannot fit intermittent exposures without adjustment; the simple
assumption of no change in short periods of normoxia is insufficient.

2. Proportional models assume that both the relation between %AVC and time and that
between %AVC and P0 2 are linear. We fitted exponents of time and of P0 2 and found
that only for some subsets of the data does the proportional model appear to apply.
However, because this model is often quoted, we present it as previously published and
based on a more limited data set than that available to us. 4'5

Let F be the concentration of reactive oxygen species (ROS). As a concentration, F

cannot be less than zero.

(a" (Po2 - Pth)" t + Fo, P02 2 Pth - Fo/(a,t"

WO, P02 < Pth - Fo/(a, t.

Fcan be related to AVC, as in the Harabin reduced (linear) model"

%AVC = -a • F, (Model 2a)

where the fitted parameter is a' = -a a.
Harabin found a' = 0.011 (atm.min)-lwith Pth = 0.5 atm.

Alternatively, the more complicated relation proposed by Vann6 to limit

I%AVCI < 100% can be used:

%AVC =-100 [1 - 1.005- (Model 2b)

Here, a = 0.02 (atm.min)-1 and Pth = 0.3 to 0.4 atm, depending on the data set.

This linear model cannot describe the data for P02 > 1.5 atm. The linear recovery
portion fits only the very slow recovery data of one early experiment.

3. The proportional rate of healing model proposed by Vann6 assumes that ROS are
created at a rate proportional to P0 2 and destroyed at a rate proportional to their
concentration:

(' a. (Pa 2- Pth) - b F, P0 2 > threshold
dF/ dt= t

.- b F, Pa 2 < threshold.

Vann proposed either a simple proportional relation between F and %AVC,

%AVC = -a - F, where one fits -a. a,
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where he found a = 0.009 (atm.min) - 1, b = 2.1 10- min - 1, and Pth = 0.17 atm,

or the more complicated relation mentioned above to bound %AVC:

%AVC =-100 [1 - 1.005 -F.

We propose a third sigmoidal version, listed under Model 6.

Vann also worked with a more limited data set than that available to us. Although the
mechanism is conceptually appealing, the proportional model is curvilinear in time in the
wrong direction for P02 > 1.5 atm. The recovery exponential function curves in the same
direction as do the data but does not accommodate the different rates of recovery seen
in different experiments.

4. An autocatalytic model is one in which the concentration of a reaction product
becomes self-amplifying under specific conditions - in this case, when P02 exceeds a
threshold.

We began with a model proposed by Harabin et al. in a central nervous system (CNS)
oxygen risk model of the protective effect of air breaks in experimental animals.7 In our
application, though, the reaction products are ROS, and the reaction becomes self-
amplifying when P02 exceeds parameter Pa, where Pa > Pth, the threshold for any effect
of P0 2. For PO2 < Pa, the rate of destruction of ROS is proportional to their concentration
but is also a function of P02.The curvature with increasing time differs above and below
Pa.

%AVC = -a F, where the fitted parameter is a' = - a.

( a (PO2 - Pth) + b" F" (P0 2- Pa), P02 > Pth,
dF/dt=

Y b" F- (P02- Pa), P02 5 Pm.

After converting the CNS model to pulmonary use, we have proposed several further
modifications: we fixed either Pm (Model 4a) or Pa (Model 4b), and we introduced two
forms of dependence on exposure duration in the multiplier of the term that can change
sign, valid when P02 > Pth:

dF/ dt = a. (PO2 - Pth) + (b + C/Tdur) F (P0 2- Pa), (Model 4c)

or

dF/dt= a. (Pa2 - Pm) + [b + c. (P2- Pa) / Tdur] " F, (Model 4d)

in which duration of exposure also changes the effective autocatalytic threshold.

In Model 4d we also introduced an exposure duration term to the recovery term,
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dF/dt=[b+c-(PO2 -Pa)/Tdur] "F, P02 < Pth.

Although this model provided curvatures in the same direction as the data, the model
did not fit well to the data overall, particularly not to the intermittent data. However, a
refinement within this class of model might be more successful.

5. An exponential model in which normalized P0 2 is raised to a power during periods of
elevated P0 2 was proposed by Arieli 8-10 to fit the data for P0 2 2 1.5 atm. Recovery in
Arieli's exponential model is a decaying exponential with the time constant a function of
the P02 of injury. We fitted Arieli's exponential model and a number of modifications.

From the data for P0 2 < 1.5 atm, we used Pa2 = 0.58 rather than Pa2 = 0.5 as the
transition between injury development and injury recovery. Models 5a and 5b differed
only during recovery.

With P02 in the equations normalized by 1 atm, the pubUshed model is

%AVC = -a, ' P0 2b. e (Models 5a and 5b),

where published values 8- 1 are a, = -2.3 10-e min - 2 and b = 4.6, and our fitted values
are a, = -2.7 • 1 0 min -2 and b = 2.7 to 4.0, depending on the data set used.

We introduced a threshold when Pa2 is elevated,

%AVC = -a, (Pa 2 - 0 .5 )b - 2  (Model 5c);

set the exponent of time to normalized P02 to adjust curvature,

%AVC = -a, P0 2 b . fo 2  (Model 5d);

allowed a scaling factor on normalized P02 for finer model control of curvature,

%AVC =-a, • (c Pa 2)b. f P02 (Model 5e);

and tried piecewise integration including continuous recovery during and after exposure
and for changes in Pa 2,

%AVC =- a, [(c' P0 2 )b-/(C' PO2+ g)]" [ c "Po 2 - tcPo]

+ (%AVC) at t (Model 5f).

To accommodate intermittent exposures, all the models were computed with the
accumulated duration at elevated P02 instead of time since the start of the current
elevation in P0 2, and either actual or moving averaged Pa 2 was used in the calculations.
With this modification, the models fit some of the intermittent data.

x



The curvature of the published model is in the correct direction for P0 2 ;- 1.5 atm but not
for lower P0 2. When the exponent on time is a function of P0 2, the fits at lower P0 2 are
improved with only slight degradation of those at higher Pa 2. Accumulated time at
elevated P0 2 and moving average P0 2 cause these models to predict some but not all of
the intermittent data; accumulated time differs from time since the start of the current
P0 2 elevation only in models not linear in time.

The published recovery portion of the model assumes first-order kinetics,

dF/dt=-k. F,

but with the rate parameter k a function of the prior P0 2: for P0 2 < 0.58 atm,

%AVC = (%AVC)o" e- [ + g Po2 ,] (Model 5a)

where (%AVC)o is the value after the exposure to P0 2 > 0.58 atm, and PO2is represents
the Pa 2 of the initial step, the P0 2 that caused the injury. For the larger recovery data
sets, c = -4.10 . 3 min - 1, g = 4.10.

We modified the recovery model, first with first-order kinetics but with rate dependence
on duration of exposure (Tdur) and not on PO2is:

%AVC = (%AVC)o • - [c* gIdur] t (Model 5b)

For the larger recovery data sets, c = -4.10- min -1 , g = 1.7.

We modified that further by including an effect of the P0 2 during recovery:

%AVC = (%AVC) g e - Q" (Po2 - 0.5) / Tdur] " t

and we tried second-order kinetics,

dF/ dt = -k. F2, with k depending on Tdur:

%AVC = (%AVC)o / [1 - (c + g / Tdur) " t" (%AVC)o].

The first-order models fit better than the second-order model.

Arieli's published recovery model accounts very well for the different rates of recovery
after several, but not after all, the exposures. Counterintuitively, it implies that recovery
should be faster from exposure to high Pa 2 than from that to lower P0 2, and that
recovery will not occur if the exposure Pa 2 is sufficiently close to atmospheric.
Intriguingly, for the recovery data used to develop the model,' 0 the duration of exposure
was inversely proportional to the exposure P0 2. The first of the modified recovery
expressions uses the inverse of exposure duration, predicts recovery for all of the data
available, and indicates more rapid recovery after short than after long exposures. The
second modification allows the P0 2 during recovery to adjust the recovery rate.
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Although only one experiment included recovery data in any condition except
atmospheric air, this is the preferred recovery model.

6. Many dose responses are sigmoidal. We fitted %AVC to a Hill equation dose
response: %AVC = -g doseb / (doseb + ab)].

The Hill equation is bounded between 0 and 1, and the inflection point at

dose = a is thus at %AVC = g/2.

a) We used the proportional healing model concentration of ROS as the dose:

F= (PO 2 / C) (1 - e-(c .0) + Fo - e- (c '0

b) We integrated the P0 2 difference from a threshold continuously from the start of
the oxygen exposure until full recovery and considered that as the dose:

IntO2 = J(PO2 - Pth) dt, integrating from time = 0 to time = t.

( IntO2 , IntO2 > 0
Dose = t

W.0 ,IntO 2 < 0.

c) We used the integrated difference from threshold as the dose when P0 2 was
elevated, but we deviated from the sigmoidal curve to exponential recovery for
P0 2 below threshold:

%AVC = (%AVC)o. e - c 0, P0 2 < Pth

Additionally, we fitted with fixed or fitted scaling factor g. With g fitted, the dose can be
on either side of the inflection point for curvature in either direction.

The sigmoidal models generally underestimate %AVC after the first part of the exposure
and do not match well to recovery data.

7. The kinetics of ROS production and removal may differ from the kinetics of injury by

ROS concentration and recovery from injury. One model of that type is

dF/dt= a. (PO2 - Pth) - b" F

d(%AVC) / dt = c" F- g (%AVC).

The relative magnitudes of parameters a, b, c, and g control the curvature with
increasing time. However, the data are not sufficiently detailed to distinguish among the
parameters of this model.
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8. In the injury memory model proposed here, acute injury /1 is considered to be
proportional to the concentration of ROS as given by the proportional healing model, but
any acute model could be used. AVC is proportional to the sum of all acute injury within
a time period T, essentially over the body's memory for the acute injury:

( a. (P02- Pth) - b" I1, P02 > Pth
dl / dt= t

-b -/1, PO2 < Pth

%AVC = a fi1 dt, integrated over time from (t - T) to t.

At constant P0 2, if a' = a a, P02 > Pth, and t > T, then

%AVC = a' b-2  (PO2- Pth)" {e'b '4e -[b .(t- ,)] }
+ a' T - -(P0 2 - Pth) + 1" b-  {e-b _e -lb (t-)]}

This memory concept could be applied to any form of acute injury. With the proportional
rate of healing model, the integration improves the curvature and fit only slightly.

9. Most inflammatory injury occurs sometime after the original insult. The delayed
inflammation model presented here is based on a proportional rate of healing model. A
similar technique could be used with any acute injury model.
Let Tio = time lag from acute injury to onset of inflammation, and Tid = duration of
inflammation. Then

%AVC = -- F + Kinflam • 7/oAVCa (e),

where e in the summation term is a time value that runs from t- To + Tid to t- Tio,
Kinfiam > 0 is the proportionality constant for delayed inflammatory injury, and the acute
injury at any time, %AVCa, is obtained from a selected acute model.

The delayed inflammation model was fitted for arbitrary lag times and inflammatory
durations; the data do not permit fitting lags and durations. The model was also fitted
with a 300-minute moving averaged P02 instead of instantaneous P02.

The inflammatory component makes only a small difference in the model fits.
Averaging of P02 delays recovery slightly and changes the curvature of AVC early in the
first 300 minutes of the steady exposure experiments from concave up to concave
down, but it does not improve the fit in the intermittent experiments.

xiii



Discussion

Mechanisms

Many models in the literature have been proposed with putative ROS kinetics. However,
the measured quantity, decreased VC, is many steps away from ROS concentration.
VC may change because of normal physiological adjustments in blood distribution,
regional injury from multiple oxygen-induced pathways, or inflammatory responses to
previous insult, and any injury-induced changes will be opposed by compensatory
mechanisms. Modeling from an a priori mechanism is unrealistic; only descriptive
models can be expected to be useful. Further, mechanisms of injury may vary for
different exposure conditions; no model should be used for higher P02 or for longer
durations than have been measured, and it may be necessary to apply different models
to accommodate the different effects of varied oxygen exposures.

Variability

The multiple adjustments, injury pathways, and compensatory mechanisms that affect
VC may be responsible for the large variance of the data. For the data gathered at
elevated P0 2 excluding intermittent exposures, the residual standard deviation (SD) of
%AVC about the intersubject average is 7.44, and the residual SD around Model 5e is
approximately 8. These values may be used to construct model prediction bands.

Best Candidate Models

Of all models fitted to the data, the best overall candidates during the development of
injury are autocatalytic Model 4d and exponential Model 5e. Both of these models
permit the curvature of AVC with time to differ for different elevations of P02.
Unfortunately, neither of these injury onset models corresponds to all data available.
Currently, a useful injury onset model can be constructed only from the data fit for a
particular Pa 2. More work concentrating on refinements of these ideas might produce a
generalized injury onset model, but, in the absence of a universal model, a fit of either of
these candidates to the historical data could be used to predict results from a similar
P0 2 .

The best recovery model has first-order kinetics with recovery rate dependent on the
duration of the previous exposure to elevated P02 and perhaps on the P02 during
recovery; data for testing the importance of that term are limited. This recovery model
may be useful in deciding what surface interval is needed for a chosen fractional
recovery between dives.

We have found that many models, including those most familiar to the diving
community, fail to represent available data. None of the UPTD concept,1-3 the linear
proportional," or the proportional healing models6 extends to the data accumulated
since they were proposed. The proportional healing model, whether with F proportional
to %AVC or with F related to %AVC through a logarithmic relation,6 correlates weakly
with some of the intermittent data, but it curves in the wrong direction for P0 2 2 1.5 atm
and misses the different rates of recovery after different exposures. These familiar
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models, if used at all, must be restricted to P0 2 very near 1 atm. Of the newly proposed
models, if the proportional healing model is used to give the dose for a sigmoidal dose
response curve, %AVC with increasing time curves in the correct direction for P0 2 : 1.5
atm but does not fit data for P0 2 

> 2 atm. Sigmoidal dose response curves also fail for
the other dose expressions we proposed.

Because the mean AVC after in-water resting exposures with P02 = 1.3 atm for up to 8
hours of exposure is near zero, none of the model predictions correlates with the mean
AVC.

Conclusions

We have not found a universal model to relate %AVC to P0 2 and exposure time. The
published models do not extend to data beyond those for which they were developed.
Although a necessary condition of any universal model appears to be that the curvature
with time can change as a function of P0 2, those proposed models that do change
curvatures still fail to explain all data. Recent experimental evidence indicates that the
mechanisms of lung injury differ at high P0 2 from those at P0 2 near 1 atm. 1 Models that
give %AVC as a function of P0 2 and exposure time should be used with great caution
and only at the P0 2 for which they were developed.

The fraction of injury that remains after a recovery period appears to depend on the
ratio of the recovery time to the total duration of the previous exposures to elevated P0 2.
This may be modified by the P0 2 during recovery, but we have few recovery data that
are not in atmospheric air. Improved estimates of recovery time may be the most useful
result of this modeling effort.
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INTRODUCTION

The degree of pulmonary oxygen toxicity expected from a particular exposure remains
difficult to predict, and the mechanisms of the injury are poorly understood. An important
step for predicting and understanding them would be to define a model of the response
under all conditions. For this report we assessed the ability of some models to predict
the average change in vital capacity (AVC) caused by various oxygen exposures.

A moderately large body of AVC data exists for periods during and after exposure to
elevated oxygen partial pressure (P0 2), 1- 17 but other pulmonary data are sparse. Thus,
we chose AVC to represent pulmonary oxygen toxicity, although other parameters might
be at least equally appropriate.

Several predictive models have been proposed.1 -26 We have modified some and
proposed others, and have compared the fits of all of these models, new or previously
published, to the data that are available. The initial goal, an ambitious one, was to find a
model to express average AVC in terms of P02 and exposure duration during the onset
of injury and during recovery, even with intermittent exposure. Secondary, perhaps
more realistic, goals were to describe which model might be best used to approximate a
particular set of circumstances and which models do not apply

METHODS

Vital capacity data collected before, during, and after dry hyperbaric chamber exposures
during which subjects had rested while breathing oxygen were assembled from
literature sources. Additionally, previously unpublished VC measurements made before
and after oxygen exposures were accumulated from experiments that had been
conducted at the Navy Experimental Diving Unit (NEDU). Model equations in which
AVC is a function of P02 and exposure time were fitted to the data from dry chamber
exposures, and the predictions derived from them were compared to the dry data and to
the measurements made before and after in-water exposures at NEDU. 6'1 Since all
the in-water exposures were at similar P02, parameters could not be fitted separately to
"wet" data.

The available data (Table 1, Figure 1) and subsets were used to estimate parameters of
all models. For each data group fitted, the numbers of data available for the models and
the numbers of subjects from whom they came are listed in Table 2. The entire dry data
set contains VC measurements from 35 different experimental conditions and 351
subject exposures and is available on compact disk from the NEDU Technical Library.
In 282 of the subject exposures, measurements were made only before and after the
oxygen exposures, not in the chamber during the exposures.

The intersubject variability in response was calculated by comparing AVC for an
individual to the average AVC for that P02 and at each time.
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Table 1.
Data sources

Experiment Description Number of Number Reference
subjects of data

A 1 ata, 83% 02, 50 hours 6 72 Ohlsson'
No recovery

B 1 ata, 98% 02, 72 hours 4 19 CaldweII2

Recovery 16
C 2 ata, 100% 02, 12 hours 12 47 IFEMU- 7

Recovery: 1 ata air 11
D 5 ata, air, 48 hours, P0 2 = 1 atm 12 265 Eckenhoff et al."

Recovery 84 (IFEM)
E Intermittent 02, 2 ata, 15 hours Hendricks et al. 9

100% 02,20 min 5 37 (IFEM)
air, 5 min

F Intermittent 02, 2 ata, 15 hours Lambertsen and Clarkl'u 1

100% 02, 60 min 6 -39 (IFEM Predictive Studies
air, 15 min VI)

G Intermittent 02, 2 ata, 15 hours Lambertsen and Clarkl,'T
100% 02, 30 min 6 10 (IFEM Predictive Studies
air, 30 min avg. only VI)

H 1.5 ata, 100% 02,18 hours 9 59 IFEM Predictive Studies V
Recovery: 1 ata, air 36 6,12

I 2 ata, 100% 02, 9 hours 14 64 IFEM Predictive Studies V
Recovery: 1 ata, air 8 48 6,12

J 2.5 ata, 100% 02, 6 hours 8 48 IFEM Predictive Studies V
Recovery: 1 ata, air 56 6,12

K 5 ata, normoxia, 6 162 Eckenhoff et al."(IFEM)
2.2 ata, normoxia (IFEM) 4 132 Fisher et al. 1970, as cited

in Harabin et al. 13

1 ata, normoxia 2 23 Ohlsson'
L 2.25 ata, air 3 12 Fife et al. 1973, as cited in

Harabin et al.13

M Low total pressure Morgan et al. 1961, 1963,
>90% 02, 0.25-0.30 atm 17 17 and DuBois et al. 1963
82% 02, 0.62 atm 6 6 Michel et al. 1960,

1_ _as cited in Harabin et al. 13

N Disabled submarine (DISSUB)
simulations, 10 profiles, recovery 156 542 NEDU' 4

0 DISSUB rescuer simulations,
8 profiles, recovery 126 246 NEDU 15

P In-water exposure data
20 fsw, LAR V, recovery 44 44 Marienau and Maurer 16

1.35 ata, 100% 02, recovery 24 81 Shykoff17

ata = atmospheres absolute; fsw = feet of seawater
IFEM = Institute for Environmental Medicine, University of Pennsylvania
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Cumulative percentage AVC from baseline (%AVC) was used as the dependent
variable to measure injury. Alveolar P0 2 and time were the independent variables.
Parameters were calculated to minimize the sum of squares of the difference between
calculated and measured AVC. The a priori model types that we tried to fit, all described
in detail (see Descriptions of Models), included:

1. Unit Pulmonary Toxic Dose (UPTD) models (Fig. 2);
2. Proportional models, in which a factor causing %AVC is proportional to P0 2 and

time (Fig. 3);
3. Proportional rates of healing models, in which a factor causing %AVC increases

at a rate proportional to P0 2 and time and disappears at a rate proportional to its
concentration (Fig. 4);

4. Autocatalytic models, in which a factor causing %AVC propagates more of itself if
the P0 2 is sufficiently elevated, but in which the factor causing %AVC is
eliminated in proportion to its concentration when P0 2 is below that critical value
(Fig. 5);

5. Exponential models, in which %AVC is proportional both to P0 2 raised to an
exponent and to the square of exposure time, but %AVC recovers by exponential
decay (Fig. 6);

6. Sigmoidal dose response models, in which the dose is derived from the
proportional healing model or is the time integral of P0 2 (Fig. 7);

7. A model in which injury is related to P0 2 with differing kinetics for generation of a
factor causing %AVC and generation of %AVC (Fig. 8);

8. An "injury-memory" model, in which %AVC represents an accumulated result of a
proportional rate of healing (Fig. 9); and

9. Delayed inflammation models that include secondary, inflammatory %AVC
components proportional to the acute %AVC that occurred at a previous time.

(a) The proportional healing model causes the acute %AVC (Fig. 10), and
(b) the proportional healing model with P0 2 averaged over a period of time

causes the acute %AVC (Fig. 11).

Additionally, using all dry data, we did separate stepwise linear regression analyses for
onset of injury and for recovery to see which parameters of the set P0 2 , previous P0 2,
time at the P0 2, the square of the time at the Pa 2, total pressure, and duration of the
previous exposure to elevated P0 2 entered significantly into the linear relation with
%AVC.

Unless it is otherwise noted in the model description, we used estimated alveolar, rather
than inspired, P02 as the stimulus causing %AVC. To calculate alveolar P02 we used
the alveolar gas equation

PAO2 = FIO2" (Ptot- Pwater) - PACO2 [FIO2 + (1 - F1o2)/RQ],

where PAo2 is alveolar 02 partial pressure;
F1 o2 is the inspired 02 fraction;
Ptot is total pressure;
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Pwater is the saturation partial pressure of water at 37 0C, 47 Torr;
PACO2 is alveolar C02 partial pressure, normally about 40 Torr; and
RQ is the respiratory quotient, the ratio of C02 produced to 02 consumed. (We

assumed RQ = 0.8.)

Because
P1O 2 = F102" Ptot,

PAO2 = Pio 2- F1O2 (Pwater + PACO2 ) - PACO2 [(1 - F,o2)/RQ]

= P10o2- 37" F10o2 - 50, expressed in Torr,

= P1O2 - 0.04 • F10 2 - 0.07, expressed in atm,

where P10 2 is inspired 02 partial pressure.

When F102 is low and total pressure is high, the difference between alveolar and inspired
P0 2 is relatively small, but at high Fio 2 and low total pressure it is important, as we can
infer from the equations. For a person breathing atmospheric air at sea level, P102 is 160
Torr or 0.21 atm, and PAO2 is 100 Torr, or about 0.13 atm.

The inspired oxygen values are those reported by the experimenters. We cannot
confirm that experimental systems did or did not control F10 2.

Methods of Fitting

Although some subjects participated in multiple experiments and the number of
measurements per subject varied among experiments, for the most part data were
considered to be independent. When results are listed as "weighted by datum," each
measurement was given equal weight independent of the number of measurements on
each subject. Some results where each subject was weighted equally ("weighted by
data/subject") are presented. In those cases the weighting factor for each measured
value was the number of measurements/subject, with separate counts during injury
onset and during recovery.

We used Marquardt's algorithm to implement nonlinear regression in Pascal (Borland
Delphi Professional ver. 4.0) and incorporated some library routines (Dmath ver. 2.0, J.
DeBord). We included the simplex method as an option for fitting and sometimes used it
to find starting parameters for a Marquardt's fit. The program was written to allow
modular insertion of different model configurations and was tested with a simulated,
externally generated data set with known parameter values.

Marquardt's lambda was set initially to 1 • 10-2 and was constrained to a maximum
value of 1 .103 . Numerical differentiation was used. One parameter at a time, a
parameter estimate was multiplied by (1 + 1.5. 1 0), the sums of squared differences
from the data of the fitted model function were computed with the perturbed and the
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unperturbed estimates, and the difference in the sum of squares caused by the
parameter perturbation was divided by the magnitude of the perturbation, 1.5 • 1 e, to
obtain the estimate of the derivative with respect to that parameter for the particular
parameter value. The iterations were considered to have converged when either the
absolute or the fractional difference of all parameters between two iterations was less
than 1 . 10- 7.

To verify that another minimum of the fitting surface could not be found near the initial
fit, starting values for the parameters were varied by one order of magnitude in each
direction from the first fit obtained with the entire data set, and the parameters were
reestimated. Thus, we fitted a two-parameter model for nine starting values, a three-
parameter model for 27 starting values, etc. If the model did not converge with these
perturbed initial estimates, we tried smaller perturbations from the initial fitted values. If
we had found a second minimum, we would have selected the one with the lower
residual sum of squares. Because all the tested models generate simple error surfaces,
we considered this number and range of checks on the fit to be sufficient.

We assessed fits with the statistical uncertainty of parameter estimates, the
correspondence of fitted curves to measurements from specific experiments, and the
magnitudes of coefficients of determination. Coefficients of determination are
numerically identical to the regression coefficient t2.

Coefficient of determination 2 = 1 - (Residual sum of squares)/(Total sum of squares)
-1 - (ycal - y1f / Z (yi -yavgf summed for i = 1 ... n,

where yca,i = the Ah calculated estimate of %AVC, and
yavg = Zy/n for i = 1 ... n.

The coefficient of determination expresses the fraction of the total variance of the data
explained by a calculated (model) fit. The coefficient of determination can be negative if
the model inflates the variability of the data; the "squared" of the r2 notation is
misleading in that regard. Note that a few large deviations of the model from the fit can
have a large effect on the value of 2.

Correspondence of model fits and the highly intermittent data from the disabled
submarine (DISSUB) experiments N and 0 were difficult to assess graphically.
Correlation coefficients were calculated for those data.

The models differ in the number of parameters fitted and therefore in the degrees of
freedom. The t2 has been adjusted as

r2a = 1 -[(1 - 2) • (nobs - 1) /(nob- param),

where nobs indicates the number of VC measurements and nparam indicates the number
of parameters fitted in the particular regression. In all cases, because nob>>nmparam, the
correction is small.

10



We calculated an intersubject average response as a function of time within each
experiment by averaging the data from all subjects at each measurement time for a
particular P02. Subjects in some experiments ended oxygen exposures at differing
times; we averaged recovery data by matching the times from the return to normoxic
conditions.

When the intersubject average is the model, the coefficient of determination measures
variability of the data about the average response; a data set where every subject had
the same response yields r2 = 1. Although standard deviation and coefficient of
determination are good measures of dispersion if data are stationary, the AVC are
functions of time and Po2. We therefore have chosen the coefficient of determination
about the intersubject mean as the measure of dispersion for each experiment. We
compared the coefficients of determination of the models to those for the averages to
judge model performance for each experiment.

Because the data include values from a few experiments in which P02 changed more
than once (e.g., Figure 1 D), the models were generalized to handle multiple steps of
elevated Pa 2. The fitted value of VC after one segment of elevated P0 2 is the starting
value, %AVCo, for the further change of the next segment. However, the changes in that
next segment affect the parameter values that determine the fitted %AVCo. Although the
problem could be solved by recalculating the segmental starting values at each change
in parameter, we chose to solve it iteratively.

1. For the first elevation of P0 2 from room air, %AVCo = 0. The first estimate of
parameters was found by using only the measurements from the first
elevation of Pa 2. Parameter estimates were required to converge to within
either an absolute or a fractional mean square difference of 1 x 10- 7.

2. Parameter estimates from Step 1 were used to calculate first estimates of
%AVCo for subsequent changes in P0 2.

3. The segmental %AVCo were held constant, and all model parameters were
fitted to the entire data set under consideration until parameters converged to
within 1 x 10- 7.

4. Using the parameters from Step 3, we recalculated %AVCo for all segments.
5. Iterations 3 and 4 were continued until the estimates of %AVCo for each

increment of P02 change converged to either an absolute or a fractional mean
square difference of %AVCo < 1 x 10.4 , and parameters calculated with those
%AVCo values converged to within 1 x 10- 7.

Continuous changes in P02 were handled as multiple steps, matching the fact that data
were acquired discontinuously.

From one experiment (Set G, Table 1) only averaged data were available. When we
used these data we considered the average AVC from the six subjects to have been
obtained six times. The lack of individual data means that the variability of that data set
is unknown.
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Data Grouping

Several of the nine types of models in the study (see Descriptions of Models) have been
proposed at least in part by other authors; the other types have not appeared in the
literature. To fit their models, Harabin et al. 13' 21 and Vann 22 used data sets A-D and K-
M, but Harabin did not use the recovery data or initial measurements at P0 2 = 0.3 atm in
set D, and Vann did not use the recovery data. Arieli 24- 26 used data sets C, D, and H-J.

For fitting, we defined Data Group 1 to be all of data sets A-D and K-M (Harabin's data
plus recovery and early exposure), Group 2 to be sets A-M, Group 3 to be sets A-D
and H-M (all uninterrupted data), and Group 4 to be data sets A-O (all dry data). Data
Group 4, which consists of Data Group 2 and the DISSUB simulation experiments,
includes data from complicated intermittent profiles for which only the postexposure vital
capacities are known. Note that Data Group 4 includes all other data groups, Data
Group 3 includes all of Data Group 1, and Data Group 2 includes all of Data Group 3.

We fitted data for three recovery durations: no recovery, recovery time up to eight
hours, and all recovery data. Table 2 shows the number of VC measurements in each
data group.

Table 2.
Number of subjects and number of vital capacity differences used in fits for each data
group and recovery duration

Data group Number of Number of vital capacity differences
subjects available

Letters refer to No recovery Up to 8-hr
Table 1 >30 min recovery All recovery

1 = A-D, K-M 68 610 620 744
2 = A-M 117 878 1021 1220
3 = A-D, H-M 105 817 885 1084
4 = A-O 408 865 1208 1975
In-water = P 68 0 68 132

The number of measurements for in-water exposures is small, all exposures are at P0 2
between 1.3 and 1.5 atm, and only recovery data were obtained. Since the
mechanisms of injury for divers in the water may not be identical to those for subjects in
air, it seemed unwise to pool the data from in-water and dry exposures. Thus,
parameters were not fitted to the data from wet exposures. Instead, AVC following in-
water exposures was compared to that of model fits calculated by using parameters
obtained from the dry data sets.
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Descriptions of Models

Some of the models relate %AVC directly to P0 2, while others assume that a product of
a reaction with oxygen provokes the changes. For simplicity in this report, any or all of
the harmful substances that may be produced in the presence of elevated P0 2 are
termed reactive oxygen species (ROS). In this report, "ROS concentration" is a model
construct. We have not measured ROS concentration, and we recognize that ROS of
diverse types can have different effects.

In the model descriptions below, symbols are defined as follows:

F= the concentration of ROS;
t = elapsed time (min) at a constant P0 2 or during a ramp change in Pa2;
Pth = a threshold Pa 2 below which no injury occurs;
tth = a threshold time before which no injury occurs;
subscript o indicates an initial value for the segment at one condition of P0 2 ,

whether P02 is steady or is ramping up ordown; and
%AVC = change in vital capacity, always from the measurement made before the

oxygen exposure.

The parameters that we fitted are represented by the italic letters a, b, c, and g. Pth, tth,
and autocatalytic pressure threshold Pa also are fitted parameters of some models.
To prevent confusion with the symbol for derivative, the base of natural logarithms, and
the notation for a function, the letters d, e, and fare not used as parameter designators,
and e, the base of the natural logarithms, is represented in roman type. All fitted
parameters are positive real numbers; negative signs are stated explicitly.

The schematic diagrams of Figures 2-11 are designed to illustrate the model curvatures
with time. No units are given, only the relation of the P02 steps to any threshold P0 2
values. Magnitudes depend on parameters.

1. Unit Pulmonary Toxic Dose (UPTD) Model

U PTD = t' [(P02- Pth) / (1 atm - pth)] b, p0 2 > Pth

= 0, P02 < Pth

The original definition of UPTD fixed b = 1/1.2 = 0.833 and Pth = 0.5 atm.

By inspection of the one set of published data available from multiple sources,13 19,20

%AVC = a" UPTD + c.

The UPTD model 13'18- 21 is arguably the best-known model for estimating %AVC. We
tried three versions of this model:
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(a) with the original definition of UPTD, but fitted parameters a and c (that is,
fitting the standard UPTD definition to %AVC);

(b) with fixed threshold, but fitted parameters a, b, and c, and
(c) with fitted parameters a, b, c, and Pth.

UPTD model

- UPTD definition

-Decreased
E __ ___ 2 threshold

& -increased b
C

--- " "  linear(b=l)
0 i

t PO2

Time

Figure 2. Schematic of Model 1, showing effects of varying parameters. After a
latent period, the UPTD model shows a nearly linear decrement in VC with time
when P0 2 is elevated. Recovery is not defined. Model behavior is depicted for
P02 below threshold (no change), above threshold, and increasingly elevated
above threshold.

2. Proportional and Related Models

Models in which %AVC is the product of a time term and a P0 2 term state that
toxicity increases as either exposure time or P02 increases. The most general model
of this type is

%AVC = a. (PO2 - Pth)b (t- tth)C+ %AVCo, t> tth > 0, and c> 0.

Because exponents b and c need not be integers, the expression has general
validity only if P02 > Pth. This restriction of the data caused the number of available
data n to be a function of Pth; if P0 2 < Pth on any iteration, the weighting factor on the
measurement was set to 0, and otherwise the weight was set to 1 or to the number
of subjects from whom data had been averaged to obtain the value. In other words,
when P0 2 < Pth, it was treated as if the measurement had not been made. The
number of measurements that are considered in the fit fluctuates with Ptm, and the
number in the final fit becomes a model result.
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If the exponent b is unity, %AVC becomes directly proportional to the P02 difference
from threshold, and P02 values below threshold permit healing.

Proportional Model

>i -lProportional Modell
S -- -- Decreased b

-Increased a
S- lncreased b

Time

Figure 3. Schematic of Model 2a. The proportional model is linear in time, both in
onset and in recovery. Model behavior is depicted for P02 below threshold b,
elevated above threshold b, more elevated, and then in a recovery phase below
threshold b. Effects of parameters are depicted.

If %AVC = -a F, the differential form of the model with exponents b and c equal to

one is

dF/dt = a,' (Pa2 - Pth) = a. P02 -g,

where g = a. Pt and a, = a/a. The model hints at first-order kinetics for ROS
production and zero-order kinetics for ROS destruction. For tat constant Po2,

(' (PO2 - Pth)" t+ FO, P02> Pth - Fo/(a,t)F=t

P02 < Pth - Fo/(a1 t).

Because the quantity F is a concentration, it cannot be negative.

Fcan be related to AVC, as in the Harabin reduced (linear) model 13,21,22
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%AVC = -a. F, (Model 2a)

where the fitted parameter becomes a' = a • a.

Alternatively, the more complicated relation proposed by Vann2 to limit
I%AVCI < 100% can be used:

%AVC = -100 [1 - 1.005-1. (Model 2b)

3. Proportional Rate of Healing Model

( a (P0 2- Pth) - b F, P0 2 > threshold
dF/ dt=

.-b. F, P02 < threshold

This model, proposed by Vann,Y sets the rate of ROS elimination to be proportional
to their concentration Fand sets the rate for ROS production to be proportional to
P0 2 above a threshold. An implied mechanism is that ROS are unstable.

Again, the simplest relation between Fand %AVC is

%AVC = - • F. (Model 3a)

The more complicated relation, which puts bounds on %AVC, can also be used:

%AVC = -100 [1 - 1.005-1. (Model 3b)

A third version is presented in Model 6a, the sigmoidal model.

The solutions of the differential equation for tat constant P0 2 are

( (a / b). (PO2- Pth) e -(b1 0] + Fo eb, P02 > threshold

Fo"e - , P0 2 
< threshold.
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Proportional Healing Model

- Proportional Healing
Model

....- Decreased b

------ Increased b

_. . ." .Increased a

-P02

Time

Figure 4. Schematic of Model 3a. The proportional healing model is depicted for
P0 2 below threshold b, elevated above threshold b, more elevated, and then in a
recovery phase below threshold b. Effect of parameters are depicted.

The proportional healing model (Fig. 4) demonstrates curvilinear responses as time
increases at constant P0 2. When P0 2 is above threshold b, injury increases at a rate
proportional to the elevation in P0 2, and healing proceeds at a rate proportional to
injury. When P02 is below threshold, %AVC decays exponentially. A steady state in
injury - shown in Figure 4's "Increased &:' curve - is achieved after a time duration
that depends on parameter values. Model 3b keeps recovery values at or below
baseline, a restraint preventing overshoot like that shown in the "Increased V'
tracing.

4. Autocatalytic Models

An autocatalytic reaction is one in which the concentration of a reaction product
becomes self-amplifying under specific conditions. The model formulation that we
have tested is that proposed by Harabin et al. in a central nervous system oxygen
risk model of the protective effect of air breaks in experimental animals.2 In our
application, though, the reaction products are ROS, and the reaction becomes self-
amplifying when P0 2 exceeds parameter Pa, where Pa > Pth. For P0 2 < Pa, the
exponent of recovery is a function of P0 2.

( a, r(P2 - Pth) + b" F" (PO2 - Pa), P02 > Pth,
dF/dt=l

Yb" F" (P02- Pa), P02:< Pth.
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Parameter b can be replaced by a function of the duration of exposure and P0 2.

Autocatalytic Model

I -
*~[ a.~ Autocatalytich

_ P02
oo [_

0

Time

Figure 5. Schematic of Model 4. Steps in P0 2, left to right, represent P022 < Pth,
Pth < P0 2 <Pa, P0 2 >Pa, P0 2 = Pa, and P0 2 < Pth when there is prior injury.

The autocatalytic model (Fig. 5) shows distinct behaviors for each different range of
P0 2 diagrammed as a step change. P02 begins below the threshold for injury, Pth.

The first step indicates the model response for P02 between Pt and Pa, the P02 at
which autocatalytic behavior begins. In this range the autocatalytic model reduces to
a proportional healing model, but the time constant of healing depends on P0 2. Any
of the upwardly concave responses shown for elevated P02 in Figure 4 could occur
in this P0 2 range.

The second step in Figure 5 represents P02 > Pa. In this P0 2 range, injury increases
at a rate proportional to itself in addition to the increase proportional to the P02
elevation, an increase generating a downwardly concave curve. Changes in
parameters modify the slope and curvature.

The third step in Figure 5 indicates the model response when P02 = Pa, when the
model reduces to the proportional (linear) model: changes in parameters have the
effects shown for the elevated P0 2 in Figure 3.

When P02 is below the injury threshold, recovery rate is proportional to injury, as in
the proportional healing model. Adjusting parameters brings results similar to those
shown in the recovery phase of Figure 4.
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For constant P02, the autocatalytic model becomes

(a, (PO2 - Pth)/[b" (P0 2 - Pa)]' [1 -eb P02- Pa) ] + Fo" e b (P°
2 - Pa) t

P02 0 Pa and P02 > Pth

F=b F e(PQ2- Pa) t,

Sa, P0 2 ' t+ Fo, P02 = Pa

%AVC = -a • F, and the value a reported in Table 12 is a = a -a,.

These expressions describe several response shapes, as illustrated in Figure 5.
Note that the model predictions are concave upward with increasing tfor Pth < P0 2 <
Pa, linear for P0 2 = Pa, and concave downward for P02 > Pa.

5. Exponential Models

When P0 2 is elevated above the normal atmospheric value, Arieli et al.24 - 26 modeled
the damage caused by ROS as quadratic in time and higher than first order in the
ratio of P0 2 to one atmosphere:

%AVC = -a" (P 0 2)b . t, where P0 2 is numerically in atm and P02 > 0.5 atm.

If P0 2 drops to or below 0.5 atm, recovery begins at a rate dependent on the P0 2 of
the previous segment. In this report, the previous P0 2 (presumably that at which
injury occurred) is termed the initial P0 2 for the recovery segment and is symbolized
as PO2 is:

d(%AVC )/dt = -(c + g- P02 is) %AVC,

where P0 2 is > 0.5 atm and (c + g. P0 2 is) a 0.

The model assumes accumulation of injury only if P02 > 0.5 atm.

We considered modeling with a constant recovery rate, but inspection of the data
(Fig. 1) shows a clear difference in rates of recovery among experiments. We
introduced a model with ongoing removal of ROS even as ROS accumulates,
models with different exponents of time, and models with different recovery kinetics.

a. We restated Arieli's exponential model to accommodate multiple changes in
P0 2 by using the concept that elevated P02 generates ROS with concentration
F, where %AVC = -a-• F At any change in P0 2, ROS from the previous P02
condition are present in concentration Fo. Fo will be zero only if the initial P0 2 

<

0.5 atm and any previous accumulations have decayed. Healing depends on
P0 2 is once P0 2 

< 0.5 atm:
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( al(P 2 /760) b.+Fo P02 > 0.5 atm

Fo"- e- (c. g.o2 Is).- t) P02 < 0.5 atm

If PO2is 5 0.5 atm, the P0 2 from the previous segment with P02 > 0.5 is used.
If (c + g. P0 2 is) < 0, the term is set to 0; Fcannot increase if P02 < 0.5.

Exponential Model

>- Exponent=4.3

.5 ___Exponent=4.6

-.... Exponent=4.0
On . . . , Faster recovery'

- 0 .. ,-PO2 11

Time

Figure 6. Schematic of Model 5. Left to right, P02 not elevated, normalized P02 =
1, normalized P0 2 = 2, P0 2 not elevated. Effects of varied exponents are shown.

The exponential model 5a (Fig. 6) is depicted for the first step of P02 = 1 atm
and for the second step as P02 = 2 atm to represent all P02 values greater than
1 atm. The third step shows recovery. Note that the model prediction is
independent of the exponent b when P0 2 = 1 atm but is very sensitive for the
higher P02. Recovery in Figure 6 is shown from only one P02 is.

b. The healing function is replaced by one in which the time constant is a

function of the previous duration of exposure, Tdur, rather than the previous P02:

(a, - (P02 / 7 60 )b - /?+ F0, P02 > 0.5 atmF=t
Fo " e- (c+/ r dur)- t P0 2 : <0.5 atm
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c. The healing function is replaced by one in which the time constant is a
function both of the previous duration of exposure, Tdur, and of the previous
P0 2 . Also, the P0 2 threshold is subtracted when P0 2 is elevated:

(a, (P 0 2 / 7 6 0 - 0 5 )b. Fo, P0 2 > 0.5 atm

K. Fo •e- [C + g (PO2 is -o.5) / Tdu] t PO2 
< 0.5 atm

d. Inspection of the data (Fig. 1) suggests that curvatures steepen when P02
increases. Further, recovery kinetics might be second order rather than first
order. We normalized P02 by 1 atm and fitted:

(a, - P0 2 b" tPo +Fo, P02 < 0.5 atm

. Fo/ [1 - c+ g/Tdur)• t" Fo], P0 2 
< 0.5 atm

e. In Model 5d the choice of normalizing factor for P02 is critical to the

exponential fit. We added the normalizing factor as a parameter:

(a, (c P0 2)b. t. .+F0, P0 2 < 0.5 atm
F=i

K Fo/ [1 - (c + g/Tdur) " t" Fo], P0 2 :< 0.5 atm

f. We considered the dynamic state in which removal of ROS occurs
whenever F> 0, even as F is generated by separate mechanisms. Piecewise
integration of a differential model was used to accommodate intermittent
experiments. Generation of ROS was based on the system modeled in Se, and
removal followed first-order kinetics.

Ca," [(c P0 2)b ' /( c" P0 2 + g)] [Tdur2 c P02 _TdurlcPo2I + F at Tdurl,
Pa 2 < 0.5 atm

F e -g /Tdur P0 2 <50.5 atm
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6. Sigmoidal Dose Response Models

We fitted the Hill equation, the typical sigmoidal dose response expression

%AVC = -[g- doseb / (doseb + a)],

where parameter a is the dose at the inflection point of the curve, the dose where
%AVC = -0.5 • g, and parameter b, the Hill coefficient, determines the steepness of
the sigmoidal change. %AVC is constrained to lie between 0 and g.

a. The dose may be considered to be F, the concentration of ROS from Model 3,
the proportional healing model, in which case F changes with P02 and time
according to

dF/dt = P0 2 - c- F.

b. The dose may be the time integral of P02 above a threshold, IntO2 beginning
when vital capacity is at baseline:

IntO2 = ( P0 2 - Pth) dt, integrating from time = 0 to time = t.

Because dose cannot be negative,

( IntO2, IntO2;> 0
Dose =

IntO2 < 0.

c. We also considered the case where the previous %AVC decays exponentially
when P0 2 is is below threshold:

(-[g doseb / (doseb + ab)] with Dose = J( P02 - Pth) dt, P02 > Pth
%AVC=

, (%AVC)o " eC t, P02< Pth.
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Sigmoidal Model

-a) Dose of Model1 71I

3a

C-Gb) Dose is
integrated P02

i 6c) Integrated P02
5abov, exp decay

below, Pth

-P02

Time

Figure 7. Schematic of Model 6. Sigmoidal dose response curves for Models
6a, 6b, and 6c are shown for two elevations of P0 2 above Pth. Models 6b and
6c are identical when P02 > Pth, but 6b has a decreasing dose, while 6c has
exponential healing when P02 is below threshold.

7. Different Kinetics Model

As in Model 3, F may increase as a function of P0 2 during an oxygen exposure and
decrease in proportion to its concentration, but a similar relationship with different
kinetics may relate Fto measurable injury (decrease in VC):

dF/dt= a (PO2 - Pth) - b" F

d(%AVC) / dt = c" F- g (%AVC).

This model can have many responses, as shown in Figure 8, but has five
parameters. Data with fine time resolution are needed to distinguish the two
exponential components. If F reaches steady state extremely quickly, this model
reduces to Model 3a, the proportional healing model.
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Kinetics different, ROS
and %VC change -%VC changes andl

recovers more
slowly than ROS

" -....... Same ROS, VC
kinetics

_ _ ----- %VCtosteady
state

-ROSto steady
-__ 0state

-P02
Time

Figure 8. Schematic of Model 7, in which the kinetics of ROS production and
removal differ from those for AVC, depicted for a single step change in P0 2.

8. Injury-Memory Model

In the injury-memory model, Fig. 9, an initial injury /I is directly proportional to F, as
is %AVC in Model 3a. However, AVC is considered to be secondary to /1 and to be
resolved more slowly. In effect, AVC has a "memory" for acute injury, because it is a
moving average with a time window of length T.

(a (P02- Pth) - b"/1, P02 > Pt
d/ 1 / dt= t

.- b./ 1, P02 <5 Pth

%AVC = a J A• dt, integrated over time from (t - T) to t.

At constant P0 2, if a' = a a, P02 > Pth, and t > T, then

%AVC = a' b- 2 (P0 2 - Pth) {e - [b - _ e-b .(t-Tr) }
+ a' b- 1  T (Pa2 - Pth) + /0' b' "{e-fb '4_ e-[b(t- )]}.

If t < T, the effects of earlier segments at different P0 2 must be included. The model
"forgets" oxidative injury that occurred when t< t- T. As can be seen in Fig. 9, this
injury-memory model smoothes out short-term changes in P0 2, a feature that is
interesting when intermittent exposures are considered.
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Injury-Memory Model

i7-__nju_ry -

>i Acute injury
reaches steady
state

m. - Longer memory

! . ,,-PO2

Time _

Figure 9. Schematic of Model 8, which represents an integration of the
proportional healing model over a finite memory period. The AVC is the time-
weighted moving average of the insult caused by elevated PO2. P02 is depicted
from below injury threshold through two steps in elevation and then across an air
break (intermittent exposure). Note the smoothing that the moving average
causes on predicted AVC.

Rather than fitting T as a Marquardt or simplex parameter, we fitted this model for
discrete memory periods T = 3, 6, 12, 24, 36, 48, 60, 72, 84, 96, or 120 hours and
selected the value for the smallest least squares error. Although this fitting is more
an exploration of the data than a complete fit, recovery data exist only at sparse
intervals, a situation making fine distinctions difficult.

9. Delayed Inflammation Model

A second inflammatory injury follows most insults to the body. Although the injury-
memory model addresses secondary injury, inflammation usually occurs after a
delay, rather than immediately after the primary injury. In the delayed inflammation
models, inflammation was modeled as being directly proportional to the acute injury
but as occurring after an adjustable delay.

The delayed inflammation approach introduced an additional three parameters to
alter the shape of the response for the late parts of P0 2 exposure and for early
recovery.
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Let Tio = time lag from acute injury to onset of inflammation and Tid = duration of

inflammation. Then

%AVC = -a . F + Kinfiam" -"°/oAVCa (e),

where e in the summation term is a time value that runs from t- Tio + Tid to t- Tio,
Kinfiam > 0 is the proportionality constant for delayed inflammatory injury, and the

acute injury at any time, %AVCa, is obtained from a selected acute model. We used
the proportional healing model.

The delayed inflammation model was fitted for specific lag times and inflammatory
durations to explore their effects. This approach cannot find best-fit values between
the values considered. The values for To that were tested were 3, 6, 8, 12, 24, 36, 48,
60, 72, 84, 96, or 120 hours, and for Tid they were 3, 6, 12, 24, 36, 48, 60, or 72
hours.

For each chosen combination of Tio and Tid, the same procedure was followed:

1. The model of acute injury - here, the proportional rate of healing model -

was fitted.

2. For each measurement time, calculated acute injury %AVCa was summed
from the time of the assigned onset of inflammation and throughout its
assigned duration to find the term in the equation for %AVC. Knflam was found
by least-squares regression, while all other parameters were held constant.

3. Kinflam was held constant, and the parameters of the acute injury were
adjusted with inflammation included.

4. Iteration of the second and third steps continued until Kinflam was within one
percent of its previous value.

5. The combination of inflammatory lag and duration that gave the largest
coefficient of determination (2) and smallest sum of squared error was
selected as the best fit.

Model 9a uses the instantaneous P02 value, as in the previous model fits. Model 9b
uses a time-averaged oxygen dose in an attempt to explain the results of intermittent
exposures.
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Two-step model to include Inflammation

I f - Proportional

___ Healing Model

..... +nlm a i& - short lag
'C C_

- - -+inflammation,

____ ____ ____ ____ __ P02

Time

Figure 10. Schematic of Model 9a. The inclusion of inflammation that occurs
after a short time lag modifies the later portions of prolonged exposures to
constant P02 and can prolong recovery, as shown.

Averaged P02

-Proportional
-Healing, no a g

0 i..........-Proportional
-- Healing with avg.

I _ LS_// -+ inflammation,

0 short lag

________________-P02

Time

Figure 11. Schematic of Model 9b, a proportional healing model with averaged
P0 2. If the concentration of ROS is proportional to the average P02 over a period
of time, the onsets of injury and recovery are slowed. Short intermittent periods
simply reduce the effective exposure.
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RESULTS

A "perfect" regression model cannot do better than to match the average response; no
model will explain the often large differences in responses across subjects. As shown in
Figure 1, where both average responses across subjects and individual data are plotted
for some of the experiments, individual responses to oxygen vary highly. Table 3 lists
the variability for specific experiments and for the four data groups we have used. For
the data groupings, about half the total variability is among subjects: models can be
expected to explain less than half the scatter in the data.

Table 3.
Coefficient of determination of average re sponses, listed by recovery duration

Coefficients of determination (r) for
Data Source intersubject averages

Weighted Weighted
by datum by subject

Recovery duration included (hr) 0 8 all 8
A Ohlsson' 0.32 0.32 0.32 0.32
B Caldwell 0.83 0.83 0.95 0.79
C 2 atm IFEM -7  0.20 0.35 0.36 0.42
D Eckenhoff et al." (IFEM) 0.42 0.42 0.43 0.44
E Intermittent 20:5

Hendricks et al.9 (IFEM) 0.63 0.67 0.67 0.42
F Intermittent 60:15

Lambertsen and Clarkl'"1  0.30 0.30 0.30 0.81
(IFEM)

H 1.5 atm IFEM" 12  0.36 0.35 0.44 0.33
1 2.0 atm IFEM ,'12  0.26 0.22 0.29 0.24
J 2.5 atm IFEM" ,12  0.36 0.16 0.22 0.21
P Wet data 0.41 0.42 0.36 0.42

Group 1 Experiments A-D, K-M 0.57 0.58 0.58 0.55
Group 2 Experiments A-M 0.45 0.43 0.45 0.39
Group 3 No intermittent experiments 0.45 0.42 0.45 0.39
Group 4 All dry data 0.46 0.44 0.49 0.47

Weighting by subject yields values slightly different from those of weighting by
datum, because some data sets include more measurements from some subjects
than from others.

Goodness of fits by the models are given in Table 4 as model 12 expressed as
percentages of the coefficients of variability for the average responses given in
Table 3. The ratio indicates the degree to which a model explains the dependence of
intersubject average %AVC on time and P0 2. For the average of all data
independent of time and P0 2, 02 =0- and 12 < 0 if the model increases the overall
variance.
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Table 4.
Model performance: Percentage variance explained relative to intersubject average.
Parentheses when the model increased the variance. Bold for values >70%.

a) Recovery times up to 8 hours
Model Number of (r2 of model) / (r2 of average)

parameters
(0.5 hr < Recovery < 8 hr) Group Group Group Group

I 11 2 1 ....... ,3 1 4
1. UPTD No recovery in model
2. Proportional
a - no limit 62% 33% 33% 35%

a weighted by subject 2 4% 1% 4% 1%
b - log limit 61% 33% 33% 34%
3. Proportional healing
a - no limits 79% 56% 60% 52%

a weighted by subject 3 35% 42% 42% 51%
b - log limit 78% 70% 74% 53%
4. Autocatalytic* Po 2  50% 52% 43%

weighted by subject 3 range 47% 47% 50%
too small

5. Exponential1
a - Recovery depends on prior P0 2  4 74% 53% 61% 56%
b - Recovery depends on exposure 4 60% 56% 62% 59%
duration
e - Exponent of time is f(Po 2) 5 68% 69% 69% 67%
6. Sigmoidal -
a. dose as in 3a, g = 100 3 73% 54% 54% 54%

g fitted 4 no fit 51% 34% no fit
b. integrated P02, g = 100 3 64% 58% 67% 48%
c. with exponential decay, g= 100 4 no 51% 55% 41%

recovery

7. Concentration of ROS may be Too many parameters to fit for these
changing at constant P0 2  data
8. Injury-Memory 3+1 # 78% 42% 50% 21%
9. Two-stage models
a. Proportional healing 3+1+2 # 59% 70% 55%
b. Proportional healing with Reduced
averaged Po 2  3+1+2+1 to 58% 67% 59%
c. Averaged P02, no inflammation 3+0+0+1 3a % 58% 68% 60%

* The threshold was set equal to air at 1.0 atm.
Injury develops if P02 > 0.5 atm.

# The "+1" parameter refers to memory, while the "+1+2" refers to the scale factor of
inflammation and the lag and memory for it. "+1+2+1" means scale factor, lag, and memory
for inflammation, and the memory for P0 2.
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Table 4. (continued)

b) Injury development only. No recovery.
Parentheses when the model increases the variance. Bold for values 270%.

Model Number of (? of model) / (? of average)
parameters

No recovery Group 1 Group 2 Group 3
1. UPTD (No recovery time)

- original definition 38% 32% 35%
a - UPTD fitted to %AVC 2 84% 67% 67%
b - exponent fitted 3 84% 66% 72%
c - exponent and threshold fitted 4 83% 58% 73%
2. Proportional
a - no limit 2 66% 33% 35%
b - log limit 65% 32% 35%
c - Harabin linear parameters 57% 26% 28%
3. Proportional healing
a - no limits 3 82% 71% 75%
b - log limit 81% 70% 74%
5. Exponential1
a,b - Quadratic in time 2 76% 25% 66%
e - Exponent of time f(Po2) 3 67% 52% 71%
6. Sigmoidal -
a.doseasin3a g=100 3 76% 61% 55%

g fitted 4 didn't fit 57% 52%
b. integrated Po2  3 69% 58% 74%
7. Concentration of ROS may be Too many parameters to fit for
changing at constant Po 2  5 these data
8. Injury-Memory 3 + 1 # 81% 56% 66%
'Injury develops if P0 2 > 0.5 atm.
# The "+1" parameter refers to memory.

30



Model Fits

Model 1. UPTD (No recovery data used in fitting)

%AVC = a- t. [(PO2 - Pth) / (1 atm - Pth)]b+ C+ %AVCo,

where %AVCo is the change caused by a previous elevation in P0 2, if such a
change has occurred.

a. We use the original UPTD definition 19,20 - that is, exponent b = 1/1.2=
0.833 and Pt = 0.5 atm - and fit a and c.

b. We redefine UPTD by fitting a, c, and b with fixed Pt.

c. We redefine UPTD by fitting a, c, b, and Pth.

Figure 12 illustrates the correspondence of the fitted UPTD model to the averages of
the observed values for different experimental exposures. Fits are shown with the
classic parameters and with parameters from Models 1 a, 1 b, and 1 c fitted to Data
Group 3 weighted by datum but with no recovery (Appendix, Tables A1-A3). Models 1 b
and 1 c are almost superimposed. Recovery is not considered in this model; for
comparison to the intermittent exposure data, %AVC is held constant during periods
with P0 2 < 0.5 atm.

The UPTD model does not generally fit the data well. However, with some of the fitted
parameters it corresponds to some %AVC, particularly over the early parts of the
experiments. Surprisingly, the correspondence is good to the first third of intermittent
Exposure G. The correlation coefficients between any of these model predictions and
measured data for highly intermittent Experiments N and 0, the DISSUB data, are less
than 0.1 (Model la: 0.09, Model lb: 0.08, Model lc: 0.08, Classic parameters: 0.04).
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Model 2. Proportional and Related Models

a. Testing Proportionality

We began with the general model of the type for which %AVC increases with either
time or P0 2,

%AVC = a (P0 2 - P)b " (t- +)c %AVCo, t > tth, P02 > Pth

For this model, partial pressures and times are normalized to one atmosphere and
one hour. Pressures are numerically equal to the values in atmospheres and times
to those in hours but are dimensionless. Normalization is necessary if the
exponential form is to make sense, and the smaller numeric values of the bases for
exponentiation (e.g., hours rather than minutes) make the results stable in the
presence of noise in the data.

Because the fit was not improved by the presence of a nonzero tth, the parameter
was dropped from the model, to yield:

%AVC = a" (PO2 - Pth)b" . + %AVCo, P02 > Pth.

As described in Methods, the number of data for which this model is valid, n, is a
function of Pth. Values of n are listed in the Appendix in Table A4 for the
corresponding optimized Pth. Parameter values vary with data group, but the
exponent on time, c, is not different from 1. For Data Group 1, where most P02
values lie near 1 atm, the model is linear in P0 2.

If exponent c is set to one, the model becomes linear in time:

%AVC = a. (PO2- pth)b. t + %AVCo, P02 > Pth.

This is similar to Model 1c, except that the intercept term of Model 1 has been set to
zero and the coefficient a in this model includes the (1 atm - Pth) term of Model 1.
Furthermore, while for Model 1 we assume no further AVC when P02 < Pth, for the
four-parameter model we omit all data where P02 < Pth. Fitted parameters are listed
in the Appendix in Table A5.

For Data Group 3, the data set with the larger range of P02, t2 is slightly higher with
c = 1 than with c allowed to float, and the exponent b is not significantly different
from 1, a result implying that the proportional model is reasonable. However, the fit
with Data Group 1 does not appear to recommend a proportional model.
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If we set b = 1 and let c float, the equation, now linear in P0 2 , can apply for all values
of P02, including P02 < Pth. However, we restrict the fit to P02 > Pth to remain
consistent. For both data groups, exponent c is significantly <1 when b is set to 1
(Table A6). For Data Group 1, this version is identical to the four-parameter version
(Table A4).

b. Proportional Model

The proportional model sets both b and c = 1. With the fit restricted to data for which
P02 > Pth, the fitted parameters become those in Table A7. The decrease in 12

caused by forcing linearity is slight for Data Group 3 but is notable for the smaller
Data Group 1 (Tables A4 and A6).

The small effects of the differences in the parameters for Data Group 3 are depicted
in Figure 13. This linear model corresponds to only the early portions of experiments
that are curvilinear in time. However, the proportional model has been published by
others, 13'21 with the following proposed mechanism. If we consider F instead of
%AVC directly, the equation can be written

F = a, " (PO2 - Pth)"' t+ Fo.

This is the integration of the differential equation

dF/ dt= a," (P02 - Pth), Fa 0.

If we remove the restriction on P02, when P0 2 < Pt the free radical concentration F
decreases, and healing occurs.

We considered two forms of this model, both previously published:13'2'

a) %AVC = --a- Fand the parameter a in Table A7 is a = - a,, and

b) %AVC = -100 [1 - 1.00 5 -F].

Figure 14 shows the match of the proportional models, Models 2a and 2b, to the
observed data. Recovery (healing) is shown in separate panels on a longer time
scale. In some experiments where exposure lengths varied among subjects, multiple
recovery lines result from the different calculated values at the end of the exposures.
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Parameters fitted to Data Group 4 with eight hours of recovery are used in the figure
for both models (Tables A7, A8), as are the Harabin linear model parameters.13' 1

For injury onset, the proportional models are linear in time. They do not correspond
well to the intermittent data of Experiments E-G, and, like the UPTD models, they
correspond only to the early data of experiments H-J. Recovery is poorly
represented for all but some of the data of Experiment B. In the complex, intermittent
DISSUB Experiments N and 0, correlations between fitted models and average data
were low: correlation coefficients for the data and Model 2a were 0.07; for the data
and Model 2b, 0.08; and for the data and the Harabin linear parameter the fit was
0.10.

Model 3. Proportional Rate of Healing Models

(a1 (P02- Pth) - b F, P02 > threshold
If dF/dt=

-b F, P02 
< threshold,

a. %AVC =-a. F

b. %AVC = -100 [1 - 1.005 - F

Figure 15 illustrates the performance of the proportional healing Models 3a and 3b with
the parameters fitted for Data Group 4 and all recovery data (Tables A9 and Al 0). The
fits with Vann's parameters22 for Model 3a are also shown. These models are
curvilinear, concave up with time during onset of injury, while Experiments H-J are
concave down, and the modeled recovery is too rapid for some experiments and too
slow for others. However, for the DISSUB data of Experiments N and 0, correlations
between the average responses and the models were moderately good, with correlation
coefficients for Model 3a, 0.41; for Model 3b, 0.40; and for Vann's parameters, 0.32.
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Model 4. Autocatalytic Models

dF/dt= al- (P02-Pth) + b" F- (PO2 - Pa)

%AVC = --a " F Let a = --a • a,.

Model 4a: Pth set to 110 Torr. Model 4b: Pa set to 760 Torr.

Note that the time constant of recovery is 1 / [b. (Po 2 - Pa)], not 1 / b. For Model 4a, the
exponents of recovery while breathing air at sea level pressure, b (110 - Pa), range
from -8 ' 104 min-' to -1.2 • 1 0 min -1 , concordant with those found for the proportional
healing model.

In the absence of recovery data, neither Model 4a nor Model 4b could be fitted with any
confidence in the parameters.

After further inspection of the data, we introduced two modifications consistent with the
idea that recovery rates vary with the duration of the previous exposure. Here Tdur is the
duration of exposure to elevated P0 2 :

Model 4c:

dF/ dt= a,- (PO2 - Pth) + (b + C/Tdur) F" (P0 2 - Pa), Pa = 760 Torr,

and Model 4d:

( a, l(Po2 - Pth) + [b + c" (Po 2- Pa) / Tdur] - F, P02 > Pth
dF/dt= ' 0, 200 Torr < P02 < Pth

.[b + c" (P02- Pa) / Tdur] - F, P02 < 200 Torr,

where Pth = 330 Torr and Pa = 760 Torr.

Figure 16 compares some autocatalytic models to the data. With Model 4a, the fitted
autocatalytic threshold Pa is above P0 2 in Experiments A, B, and D, and thus those
model curves are concave up; Pa is very close to P0 2 in Experiments C and H, and thus
those model responses are almost linear; and Pa is below the P0 2 of Experiments I and
J, and thus the model is concave down. With Models 4b and 4d, the selected
autocatalytic threshold Pa is below P0 2 in Experiments C-J, and those responses are
slightly concave down. Of the autocatalytic models, Model 4d corresponds most closely
to the continuous exposure data. All models overestimate AVC for intermittent exposure
Experiments E and F. For the DISSUB data, the correlation coefficient of Model 4a to
the average data is 0.39; of Model 4b it is 0.01, and of Model 4d it is 0.08.
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Model 5.

Exponential Models

%AVC = -a" F, where

(a, PO2 b. t2 + F0, P02 > 0.58 atm
a. F=

Fo e- lc+g Po02s] .t, P0 2 < 0.58 atm.

(a, P0 2b " ? + F0, PO2 > 0.58 atm
b. F=

. Fo e - [c+g/TdUr] t P0 2 - 0.58 atm.

(a, (PO 2 - 0.5 )b " 2 + F0, P02 > 0.58 atm
c. F=

(% Fo• e-Ic- 9(PO2- 0.5)/Tdur • t P02 < 0.58 atm.

(a, a PO2 b " t"2 + Fo, P02 > 0.58 atm
d. F=

Fo /[1 - (c+ g/ Tdur)" t" Fo], PO2 : <0.58 atm

( a (C . P 0 2)b . t c. Po2 + F, P02 > 0.58 atm
e. F=

Fo /[1 -(c + g/ Tdur)" t" Fo], P0 2 - 0.58 atm

(a, (c. P0 2 )-/( c. P0 2 + g) ] [Tdur2 c Po02 TdurlC - P02] + F at Tdurl,
P0 2 > 0.58 atm

f. F=
K Fo e- g "t /Tdur, P0 2 : 0.58 atm

Models 5a and 5b are identical when P02 > 0.58. Models 5d and 5e are identical
in form when P0 2 < 0.58 atm, but Fo may differ between the two. Note that the
P0 2 at which recovery begins was increased from 0.5 atm to 0.58 atm; data of
Experiment D drove the change. However, the threshold in Model 5c was not
increased.

For the long, steady exposure data, the periods with elevated PO2 and the
recovery periods were assessed separately for Models 5a-e, but both phases
were combined to assess fits to intermittent exposure data of any model or to the
fits of Model 5f.
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Elevated Po 2

Models 5a and 5b are identical during exposure to elevated P0 2. Figure 17 shows the
portion of the record when P0 2 was elevated, with parameters for Models 5b-e as fitted
for Data Group 3 without recovery (Table A14); Model 5a with the parameters fitted by
Arieli,2 4 - 26 a = -2.3 • 10e min - 2, b = 4.6; and Model 5f fitted to Data Group 3 with all
recovery (Table A16).

The subtraction of a threshold from P0 2 in Model 5c slightly degrades the model fit
indicated by ,2. Model 5e, where the exponent of time is P0 2 with a scaling factor,
accounts for somewhat more variance than the others. Because Model 5f with its
simultaneous healing term must be fitted to the combined onset and recovery data
(Table Al 5), direct goodness-of-fit comparisons cannot be made. The "by eye"
assessments (Figure 17) vary among experiments.

Models 5a-5c are concave downward at all P0 2 during injury onset. However, the model
curvature is too steep for some data and perhaps not steep enough for others. Models
5d-5f represent attempts to improve the match to curvature during injury onset by using
an exponent proportional to P0 2. P0 2 was normalized to 1 atm and time to one minute in
Model 5d, but the normalizing factor on P0 2 was permitted to float in Model 5e. The
factor for time can be absorbed in the scaling constant a, but that for P0 2 as an
exponent cannot. For Experiments A-C, Model 5d corresponds more closely to the
data than do Models 5a-5c, but 5e and 5f correspond still better to the data. (The point
representing the longest exposure in Experiment B, the point for which Models 5a-5c
appear superior to the others, represents just one measurement in one subject.) For
Experiment D, Models 5e and 5f correspond well to the data for the first 2400 minutes,
after which Models 5a-5c fit better. For Experiment H, Models 5a-5c provide better fits
than do Models 5d-5f. Experiment I is best matched by Model 5a, and Experiment J is
best fit by Models 5e and 5f.

Elevated P0 2 Cougled with Recovery

For intermittent exposures the onset and recovery phases cannot be separated. The
model performances are shown in Figure 17, where other experimental data and
models are shown only for elevated P0 2. If each intermittent step is considered to
restart the clock for injury onset, Models 5a-5e predict no changes; the results are not
shown. If accumulated times at elevated P0 2 are used instead of the time since the last
air break, the models overestimate the AVC, as shown in Figure 17, Panels E-G, by
filled symbols. (To use the accumulated time, piecewise changes have to be calculated
across each step of elevated or normoxic PO2 .) If time-averaged rather than
instantaneous P0 2 is used with accumulated time, the model results more closely
approach the intermittent data; in Figure 17 E-G, the open symbols show the results of
averaging over the previous 120 minutes, an arbitrary time choice. Averaging for 90
minutes provided closer correspondence to the data of Experiment G than that obtained
with 120 min averaging, but such 90-minute averaging underestimated the values of
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Experiments E and F. The use of time averaging removes the recovery phase from
consideration during these intermittent exposures, because the average P02 increases
during the first averaging period and then remains greater than 0.5 atm.

For the DISSUB Experiments N and 0, the correlation coefficients of models with time-
averaged P02 and accumulated time to data averaged across subjects were 0.37 for
Model 5a with Arieli's parameters, 0.22 for Model 5b, 0.23 for Model 5c, 0.01 for Model
5d, 0.21 for Model 5e, and 0.03 for Model 5f.

Recovery

Table Al 5 lists parameters fitted to those of the long exposure experiments that include
recovery measurements. The parameters used for Figure 18 are those fitted to Data
Group 3.

To avoid influences of the earlier elevated P02 portions.of the models, the measured
values at the end of exposure were used as FO, a different value for each subject.
Normalized by those starting values, results are shown from 1 (no recovery) and
approaching 0. Second-order recovery does not collapse to a single curve, because its
functional relation with Fo is additive as well as multiplicative.

In Experiment B (Fig. 18) Model 5a does not recover, Model 5b matches the slowest
recovery data, Model 5c matches the fastest recovery data, the second-order Models 5d
and 5e fall between the slow and fast recovery data, and the integrated Exponential
Model 5f matches the fastest recovery data. The recovery data of Experiment C are
sparse and confusing. All Model 5s fall within the data scatter for Experiment D,
although Model 5a fails to recover from Po2 . = 1 atm with the coefficients fitted by Arieli
et al.24- 26 For Experiments H-J, Models 5a-5f fit similarly well in general, although
some starting values cause the second-order model to recover very slowly.
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Model 6. Sigmoidal Dose Response Models

a. The Hill equation, scaled by parameter g, in this case has Ffrom Model 3 as the
dose:

%AVC =-g - [F/ (F + ab)],

where F= (P0 2 /c) (1--e-(C .0)+Fo -e(c "

The Hill equation is bounded between 0 and 1, and the inflection point at F= a is
thus at %AVC = g/ 2.

Because all %AVC are less than 50%, parameter a, the dose at the inflection point
of the dose response curve, must be greater than the largest dose F when g = 100.
However, even with F< a, %AVC can have an inflection point when plotted against
time, because F is curvilinear in time. %AVC as a function of time is concave
downward at small (c -). As time increases, %AVC .as a function of time becomes
progressively linear, then almost constant as F approaches a plateau at P02 1c.
However, with the range of values for c presented in Table Al 7, Fwould have
reached 99% of its steady state value only after 4,620 to 18,420 minutes (77 to 307
hours) at constant P02, times that lie outside the range of the data.

The model also was fitted with parameter g fitted (Table Al 8). Parameter a falls at
%AVC between 7.5% and 11 % depending on g, and measured data fall on both
sides of the inflection. With these parameters, dose Fwould have reached 99% of its
steady state value after 4620 to 7920 minutes (77 to 132 hours) at constant P02.

b. The scaled Hill equation here has its dose given as the integral of the difference
of P02 from a threshold, the cumulative dose model:

IntO2 = ( P0 2- Pth) dt, integrating from time = 0 to time = t

( IntO2, IntO2 > 0
Dose =

W0, IntO2 < 0

%AVC = -g [doseb / (doseb + a")]

c. The scaled Hill equation here has the dose given as the integral of the difference
of P02 from a P02 threshold greater than threshold, but only exponential healing
applies when P0 2 is less than threshold:

(-g" [dose b / (doseb+ a), P02 > Pth
%AVC =

k(%AVC)0 • e-(c , P02 < Pth
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Figure 19 shows fits with parameters for eight-hour recovery and Data Group 4 of Model
6a with fixed g (Table Al 7), Model 6a with fitted g (Table Al 8), Model 6b with fixed g
(Table Al 9), and Model 6c with fixed g, weighted by both datum and subject (Table
A20). The correlation coefficients between average responses for the intermittent
DISSUB measurements N-O and the model predictions are Model 6a, 0.30; Model 6b,
0.23; and Model 6c, 0.29.

Model 7. Different Kinetics Model

%AVC = [{a- c- (P02 - Pth) - b 'Fo} / (f- b)]" (e- b t - e-)+ [a • (PO2 - Pth) / (b - g)] • (1 - e- 9)

+ (%AVC)o • e 'V

The parameters of this model (Fig. 8) could not be determined with any confidence from
the data. Although the model explained some of the experimental variation, confidence
intervals around the individual parameter estimates spanned zero. The data are not
sufficiently varied to distinguish among the closely related parameters.

Model 8. Injury-Memory Model

%AVC = a- b - 2  (PO2 - Pth) [e"(b "0 - e - b (t-  bm)]]
+ a" b-1 memory. (PO2 - Pt) +/1" b-1 • [e- b - e[b(tt,n)]].

Figure 20 illustrates the fit of the injury-memory Model 8 with a three-hour memory. It
uses the parameters from Data Group 4, weighted by datum, with all recovery, and it
uses those, weighted by subject, for eight hours of recovery from Data Groups 2 and 4
(Table A21). Of the three traces shown, that for Data Group 2, weighted by subject, has
the largest exponent of recovery b.

This model, an integration of Model 3, corresponds better to the curvatures of the data
than does Model 3 but does not curve sufficiently at P0 2 ?1.5 atm. In the intermittent
DISSUB experiments N-O, the model tends to overestimate AVC, but the correlation
coefficient between the model prediction and the average data is moderately high at
0.43.
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Model 9. Delayed Inflammation Model

a. With instantaneous P02
b. With average P02 for a time period
c. With average P0 2 but no inflammation

Let Tio = time lag from acute injury to onset of inflammation, and Tid = duration of

inflammation.

%AVC = -a- F+ Kn,fl - Z%AVC (e),

where e runs from t- Tio + Tid to t- Tio and Kinflam > 0.

Acute injury is modeled by the proportional rate of healing Model 3a:

((a / b). (PO2- Pth) [1e(b + Fo e(b P02 > Pth-- -F = t
K. Foe(b , P2 Pth.

In Models 9b and 9c the moving average of P0 2 over an arbitrarily selected previous
duration - here, the previous five hours (300 minutes) - is used instead of the
instantaneous P0 2.

The differences between Model 9 and Model 3a are small; Model 9 does not come
significantly closer to the data than does Model 3. An inflammatory component that
begins after 8 hours (480 minutes) and lasts for 36 hours (2160 minutes) slightly
increases the coefficients of determination t2 from those for Model 3a (Tables A22 and
A23), but the "inflammation" makes only a small difference to the fitted curves (Figures
15 and 21). The inflammatory component does not improve the correlations between
the average DISSUB data and the model predictions, correlations with coefficients 0.40
for Models 9a and 0.41 for Model 3a. Overall for Data Group 4 the major effect of the
inflammatory component is to increase the magnitude of the exponent of healing b from
that fitted to Model 3a (Tables Al 0 and A22).

Averaging P0 2 for 300 minutes has the most effect with short experiments, those for
which the averaging time is a significant portion of the oxygen exposure. For the
DISSUB data, averaging increases the correlation coefficient slightly, to 0.43 for both
Models 9b and 9c.
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The average P02 during the intermittent exposures increases at a rate that depends on
the averaging period, and the steady-state P02 value attained depends on the cycling
time of oxygen and air exposures. Models with and without averaging converge once
the steady state value has been reached. P02 values averaged over 300 minutes are
shown in panels E-G of Fig. 20 with the corresponding model fits. Although a longer
averaging time (600-700 minutes; not shown) improves the fit of Model 9c to the data of
Experiments E and F relative to the fits with the 300-minute average, it degrades its fit
to all other data except those for Experiment C.

Comparison of Model Fits by Experiment

Tables 5 and 6 summarize goodness of fit by model and experiment - Table 5 for data
collected only at elevated P0 2, and Table 6 at elevated P0 2 and during early recovery.
Parameter values are fitted to the entire data group, but fits are assessed on the basis
of individual experiments within the group. Tabulated values are the coefficients of
determination (?2) of the fits for individual experiments expressed as a percentage of the
2 of the intersubject averages for the same experiment. Values are <1 when the

variance of the estimate exceeds that of the data. Note that models may provide good
fits numerically but deviate from the data at one end of the curve, a deviation making
any extrapolation risky.

We have not found a universal model. Although some models very successfully fit data
from some experiments, none matches all data. Experiment C (Po2 = 2 atm) is not
described well by any of the proposed models, and the intermittent experiments E-G
are described by very few.

When only the elevated PO2 periods are considered (Table 5), the best matches to
Experiment A (PO2 = 0.8 atm) are Models 5d and 6a. The closest correspondence to
Experiment B (PO2 = 1 atm) is provided by Model 4d, and the best matches to
Experiment D (5 atm air) are given by Models 1c and 5e. Experiments H and I (PO2 =
1.5 or 2 atm) are best predicted by Model 4d. Experiment J (PO2 = 2.5 atm) is best
matched by Model 5e.

When elevated P02 periods and early recovery are included (Table 6), the best fit to
Experiment B becomes Model 2. Experiment C with recovery, although poorly fitted by
all models, is best fit by Model 2. Experiment D including early recovery is matched best
by Model 5d. Intermittent exposure Experiment E is well described by Model 5b, which
also describes the onset and early recovery data of Experiments H and J. Intermittent
exposure Experiment F is poorly fitted by all models, with Model 2a performing least
badly. Models 4a, 5a, 5b, and 6a describe Experiment H, including early recovery,
equally well. Experiment I is best fitted by Model 4d. Experiment J is best described by
Model 5b.
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Table 5.
Selected models' goodness of fit for experiments, no recovery, and coefficients of
determination as percentages of the coefficients of determination of the average. Fits to
Data Group 3 (uninterrupted exposures) without recovery, weighted by data, were used.
Bold highlights values >70%, and M indicates <33% of the average variance
explained.

Exp Models with full fit
No recovery data

1c HL 2a 3b 4d 5a, b 5 d SeSdaI(g)
A 39% 54% 75% 65% 75%

B 69% 57% 71% 58% 75% 68% 51%

ID 94% 58% 77% 93% 88%acu590,t i 81% 94%H 73% 54% 41% 74%j 77%1 74% 7P° 56% 68%/o 66%
I 54% 53%/ 75%1 50%1 70%

- 77%1 91%1 ... 87% 65 88% 98% 93%

Experiment Models with it pate i
and grid search

No rcovery data
8 9a I9b

A 50% 62%1 62%

D 61% 41%
H 75% 71% I 73%

1 53% 58%1 61%'/
J 66% 1% 72%

In Models 5a and 5b, accumulated time and averaged P02 were used.
Model 6a (g) is 6a with fitted parameter g.
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Table 6.
Selected models' goodness of fit for individual experiments, including 8 hours' recovery
data. Coefficients of determination are expressed as percentages of the coefficients of
determination of the average. Parameters fit to Data Group 4 and weighted by data
were used - except for Models 5a, b, and d, where the parameters fit to Data Group 3
without recovy and only those fits to recovery were used. Bold highlights values
>70%, and W indicates <33% of the average variance explained.

Exp hModels with full fit
IMol5a l etimes up to 8 hours

H L 2 3b 4d I 5a 5b 5d 5f 6B 57% 70%1 58% 4% 52% 68% 50% 58%.

84

D 58%1 77% 81% 89% 9% 6% 95% 51% 65%

H 48% 34%6 67% 70% 69% 7% 70% 54% 67% 70%
/ 44%/ 44% 77% 38% 57%/ ..

37% 63% 06 98% 54%

Ex Modls"i"h both it and -- - -- ---r°...
B 54%/

C

D 55%1 31%1 41%
E

H66% 66% 140%

F6 55% 54%
60% '

In Models 5, accumulated time was used.
In Models 5a, 5b, and 5d, averaged P02 (120 min) was used.

For descriptions of experimental exposures, see Table 1. For coefficients of
determination of the averages of the data, see Table 3.

Model HL refers to the Harabin Linear Vital Capacity Model. 13 2

Models 8 and 9 include a grid search for one or more parameters; a better "best fit'
may exist, but the data are too sparse to allow it to be determined.
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Result Summary, by Model

Model 1, the UPTD model (Figs. 2 and 12, Tables A1-A3), fits an almost straight line
after a latent period when P02 is constant and elevated, but many data are curvilinear in
time. Although this model explains most of the average variance of Experiment D (Table
5) in which %AVC changes almost linearly with time, the fraction of variance explained
is low in Experiments I and J where %AVC changes with time in a distinctly curvilinear
pattern. Differences in performance are slight between the UPTD model with fixed
threshold and exponent and the model with all three parameters fitted (Fig. 12), but the
exponent varies considerably with the data set (Tables A1-A3). The UPTD model was
developed to describe data only at steady, long exposures to one P0 2, and healing is
ignored; during intermittent exposures when P0 2 is below threshold, the model holds the
last value for %AVC.

Proportional Model 2 (Figs. 3 and 14, Tables A8 and A9) produces a straight-line fit to
injury at constant oxygen exposure and includes slow recovery at P02 below threshold:
with atmospheric air, recovery is about 0.2% per hour with Harabin's linear model
parameters 13 21 and about 0.01 % per hour with the best fit from our complete data set.
Like the UPTD model, the proportional model underestimates later injury when %AVC
changes in a curvilinear pattern. Only in Experiments B and D is correspondence to
data good (Tables 5, 6). Except for Experiment B, where recovery is very slow, the
proportional model also fails on recovery; the best-fit parameters for this data set predict
a much slower recovery than that seen in Experiments H-J. The proportional model
seriously overestimates AVC in the complex, intermittent DISSUB experiments N and
0. However, the best-fit parameters (Tables A8 and A9) are less sensitive to data set
for this model than for Model 1.

Proportional rate of healing Model 3 (Figs. 4 and 15, Tables A10 and Al 1) is curvilinear
in time (concave upward as injury develops; concave downward on recovery) for
constant P02, and the curvature is similar whether the fit is calculated with (Model 3b) or
without (Model 3a) the logarithmic limit. Unfortunately, data during injury development at
P0 2 of 2.0 and 2.5 atm curve in the opposite direction. Like the UPTD and proportional
models, the proportional rate of healing model misses the extremes of %AVC in the
experiments with P02 of 2.0 or 2.5 atm although the values of l2 are high (Table 5) for
some experiments without recovery. The proportional healing model overestimates the
injury in intermittent exposures during Experiments E, F, and DISSUB Experiments N
and 0, but it fits well to the 30 min on, 30 min off intermittent exposure of Experiment G.
Model 3 correlates with the DISSUB data, but the slope of the correlation line is different
from 1 (Figure 15).

The Autocatalytic Models 4 at elevated P02 are concave upward or downward,
depending on P02 (Figs. 5 and 16, Tables A12 and A13), and are concave downward
during recovery. Models 4a and 4b have different autocatalytic thresholds and therefore
give differing curvatures for some experiments. Models 4c and 4d allow the duration of
exposure to affect the recovery rates. Despite the self-adjusting curvature, Model 4
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does not curve as steeply as do the measured responses. During the intermittent
exposures, the model overestimates AVC in Experiments E, F, and DISSUB N and 0,
but it underestimates AVC in Experiment G. Recovery corresponds better to the data
when the function of exposure duration is introduced (4c, 4d) and when separate P0 2
thresholds are applied for onset of injury and for onset of healing (4d). Except for
Experiments A and C (Table 5), Model 4d corresponds well to data at steady, elevated
P0 2. It does not fit as well when early recovery is included (Table 6); a different recovery
function may be needed.

The Exponential Models 5 (Figs. 6, 17, and 18, Tables Al 4-Al 6) are of two classes at
elevated P02: those which are quadratic functions of time (Models 5a-5c), and those in
which the exponent on time is a function of P02 (Models 5d-5f). The first group is
concave downward with time both during injury development and during recovery, while
the curvature in the second group changes with P02. In those experiments where the
response is nearly linear, Models 5a-5c underestimate AVC early in exposure and
overestimate them later (Fig. 17, Table 5). The models are also of two types during
recovery, with first-order kinetics in Models 5a-5c and 5f, and second-order kinetics in
Models 5d and 5e. The first-order kinetics model with rate of recovery as a function of
exposure duration or of both recovery P0 2 and exposure duration is successful for all
the experimental data available. Model 5 describes intermittent exposures, but only
when accumulated time at elevated P0 2 is used in conjunction with moving-average
P0 2.

The Sigmoidal Dose Response Models 6 (Figs. 7 and 19, Tables Al 7-A20) differ
among themselves in part depending on the magnitude of g. Only when g is fitted does
the inflection point of the sigmoid function of dose lie in the range of data, but an
inflection in the curve as a function of time can fall within the measured time period if the
dose becomes constant. Model 6a, where the dose in the sigmoidal equation is given by
the proportional healing Model 3a, provides a good fit to Experiments B, C, and early H
but to no others when parameter g = 100. Model 6a also provides a good fit to
Experiments H and early I and J when g is fitted, but it does not provide a good fit to the
intermittent data. Models 6b and 6c - where the dose is integrated P02 during periods
of elevated Pa2, but where healing is depicted as exponential decay of the injury in 6c,
- underestimate AVC for Experiments A and B. Model 6b underestimates AVC in
Experiment D in all phases while Model 6c corresponds well at elevated P02. Both 6b
and 6c underestimate the AVC at elevated P02 in Experiments H-J and recover more
slowly than the data, and neither corresponds well to intermittent data. Both 6b and 6c
overestimate the injury found in the DISSUB Experiment N and 0 data.

Model 7, while conceptually interesting, could not be fitted to the data because of the
number of parameters.

The Injury-Memory Model 8 with a memory of three hours (Figs. 9 and 20, Table A21)
shows continuing injury shortly after P02 is reduced in Experiments H, I, and J. This
model, an integration of Model 3a, better reproduces the curvature at the start of
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Experiment J but increasingly underestimates the rate of healing in Experiments H-J.
Parameters of the fit were different for different data sets.

The Delayed Inflammation Model 9a (Figs. 10 and 21, Table A22) also is based on
Model 3, a proportional rate of healing model. The inflammatory part of the model had
little effect. Model 9b, the same model but with an averaged P02 as one of the
independent variables, also produced results similar to those from the model without
averaging, as did Model 9c, the proportional healing model with moving averaged P0 2.

Stepwise Linear Regression Results

Stepwise regression analysis indicates that during injury development, the linear
relations between %AVC and all of P02, the previous P0 2 the time at the P0 2, and the
square of the time at the P02 are statistically significant, but that the linear relation with
total pressure is not significant. During recovery, significant independent variables are
P0 2, elapsed time squared, and the duration of the previous exposure to elevated P0 2,
but not elapsed time, total pressure, or previous P02. No other variables or
combinations of variables were presented for inclusion in the possible linear models.

In-water Data - Correlations

Correlation coefficients and regression slopes of predicted AVC against measured
values after in-water exposures (Table 1, entry P) are presented in Table 7. The models
are not predictive for these low average AVC.

Table 7.
Correlation coefficients and regression slopes, model redictions vs. wet data

Correlation Correlation Regression, all data
Model Coefficient, Coefficient,

average all data Slope Intercept
response

Model lc: UPTD 0.01 0.12 0.07 -3.7
Model 2a: Proportional -0.10 0.14 0.05 -1.8
Model 3a: Proportional -0.31 0.08 0.05 -1.9
Healing
Model 3b: Proportional -0.07 0.07 0.0001 -0.0026
Healing with log limit
Model 4c: Autocatalytic -0.20 0.13 0.06 -2.0
Model 5b: Exponential 0.59 0.37 0.11 -0.15
Model 5e: Exponential 0.36 0.23 0.19 -0.04
Model 6c: Sigmoidal -0.31 0.07 0.03 -1.1
Model 8: Injury-Memory -0.22 0.12 0.09 -1.7
Model 9a: Inflammation -0.30 0.08 0.05 -1.8
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Effects of Bias toward Experiments Where Each Subject Was Measured More Often

The number of times that VC was measured varied by experiment, a situation that
causes those experiments with more frequent measurements in a time interval to have
greater influence on the fits than those with less frequent measurements in the same
time interval. This bias was removed by weighting the data by the numbers of subjects
in each experiment rather than by the number of measurements. Although the fits may
differ with the two weightings, weighting by subject does not improve the match to data.

DISCUSSION

Data and Modeling Issues

Data Set Characteristics

The experiments from which these data were gathered span about 53 years and were
performed in multiple laboratories using different equipment and possibly different
methodologies. Data Group 1 contains the oldest data, those that were available to
Harabin et al. 13' 21 and to Vann,2 with many measurements having P02 at or less than 1
atm and only one experiment (Experiment C, Figure 1) at 2 atm. Few measures of acute
healing (<8 hours) are included in these data. Data Group 3 experiments comprise the
next largest group - containing, in addition to the data from the first group, those from
noninterrupted exposures to 1.5, 2, and 2.5 atm of oxygen (Experiments H-J). These
data include recovery measurements. Data Group 2 contains data that were available to
Arieli et al. :24- 26 those from Data Group 3 plus intermittent exposures to 2 atm oxygen
(Experiments E-G). Data Group 4 consists of Data Group 2 and the relatively recent
intermittent multiple P02 DISSUB data, for which only recovery data are available. Data
during exposures were generally collected at intervals of several hours, and those
during recovery no more than once a day.

The P02 range of the data is from 0.21 atm to 2.5 atm for long, steady exposures and at
levels decreasing from 2.8 atm for some of the intermittent exposures. In brief,

a) Seven experiments, grouped here as K-M, had P02 <0.55 atm. Three of these
were at elevated total pressure, one was at atmospheric pressure, and three
were at subatmospheric total pressure. Except for a few outliers - notably, data
from one subject breathing 0.55 atm P0 2 at a total pressure of 0.7 atm - AVC in
these experiments was distributed equally on either side of zero. These data
drove the threshold estimates.

b) Three experiments had P02 of about 1 atm: Experiments A and B with total
pressure of 1 atm and almost 100% oxygen, and Experiment D with total
pressure 5 atm and 21% oxygen, and AVC appears to be comparable among
them (Figure 1).

88



c) Two experiments, C and I, involved steady exposure to 2 atm P0 2, both with 2
atm total pressure, but Experiment I found much greater AVC than did
Experiment C.

d) Experiment H was at 1.5 atm P02.
e) Experiment J used 2.5 atm P02.
f) Experiments N and 0 include short periods at P02 as high as 2.8 atm.

Only Experiments D, N, and 0 included measurements related to more than one
elevated P02. Experiments E-G, N, and 0 involved intermittent exposures: E-G to 2
atm P02 interrupted by normoxic periods, and N and 0 to oxygen-accelerated
decompression profiles of decreasing total pressure with 100% oxygen interrupted by
normoxic intervals.

Because none of the models except the UPTD with the classic parameters appears to fit
Experiment C (Table 5), we reexamined those data. Final exposure values and some
recovery data but not those during exposure have been published in one report. 4 Data
collected during exposure are available from two sources: in the recent electronic
transcription from Lambertsen et al., 6 and in print from Harabin et al.13 Unfortunately,
numbers differ slightly among records. Perhaps slow VC is used in some records and
forced VC in others; only the electronic record specifies, and it contains slow VC
measurements. The report by Harabin et al.13 includes more frequent measurements
than does the electronic version, measurements transcribed by hand from paper
records, and it includes two subjects for whom the oxygen exposure was interrupted
briefly by diffusion capacity measurements and one subject for whom oxygen exposure
was terminated at four hours after only one measurement. The electronic transmission
has data for only ten subjects with steady exposure for eight or more hours, and it gives
the values during the exposure only until eight hours had elapsed. After eight hours of
exposure, the number of subjects decreased as individuals with large AVC were
withdrawn, and the average AVC decreased as the exposure continued.

The Experiment C values used for parameter fitting were those from the electronic
transmission6 for ten subjects, those from the Harabin report13 for the other two subjects
with exposures longer than four hours, and then the recovery data.4 The censoring of
data for subject safety during the experiment makes the fits difficult to compare at the
end of the exposure.

Recovery rates were clearly different across exposures and were not a function only of
exposure P0 2. Experiments B and D, both with exposures to P0 2 near 1 atm, differ in
rate of recovery. From slowest to fastest, the order of recovery rates from steady P02
exposures were those of Experiment B (recovery from 83 hours near 1 atm),
Experiment D (48 hours near 1 atm), Experiment H (18 hours at 1.5 atm), Experiment I
(9 hours at 2 atm), and Experiment J (6 hours at 2.5 atm). Experiment C is not
assessed, because its recovery data are complete for only for the subject who was the
slowest to recover.
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Modelina Considerations

For data collected during exposure to elevated P0 2 , stepwise linear regression indicated
that both elapsed time t and e should be included with P0 2 in any model. Models 1 and
2 are linear in time, Models 5a-5c use e, other Model 5s use exponents of time that are
functions of P0 2, and the exponent fit in the testing of proportionality yielded /P'. None
of the models presented is binomial in time, and perhaps future attempts could include a
model that is. However, Models 5d-5f include a range of time exponents, and Models 3,
4, 6a, 8, and 9 include a term with (1-eb "t). Series expansion yields

(1-e-b't)=b- t-b 2 .//2 +b3 • t3/6+ ....

When P02 > Pa in Model 4, the sign on the exponent changes, and the expression
becomes (1-e+b't) b t b • t 2 _ - 3 t? /6 - ..

Neither the term e-b t nor any higher exponents on time were included as test variables
in the stepwise regression.

For data collected during recovery, stepwise linear regression suggested that f but not t
itself is included; contributions of higher order terms were not tested. Model 1 has no
recovery, Model 2 is linear in time for all P02, and Model 6b recovers because the dose
decreases. Recovery in Models 5d-5f includes t-1, but all other recovery models include
e b. .Attempts were made to include both a term linear in time and an exponential
decay, but confidence on the separate first-order coefficient was low, and the linear
term was dropped. However, if t is sufficiently large, the first-order term of the
exponential expansion can become negligible as compared to the second-order term.

For data collected during recovery, stepwise regression also included duration of
previous exposure, as included in some of the recovery models, but not previous P02, a
variable included in Model 5c. By chance, in Experiments D and H-J previous P02 is
inversely related to the duration of the previous exposure.

Problems of the Approach

Data are serially correlated for any experiment where subjects are measured more than
once and a change from baseline is used. Each subsequent value for a subject includes
all preceding values: the more measurements that are made, the more influence the
early changes have on the fit. Although serial correlation could be avoided by fitting
stepwise AVC, that approach severely degrades the effective signal-to-noise ratio. Data
also could be weighted progressively, with the weighting factor inversely related to the
number of data at later times and for the same individual. We settled for being aware
that the early measurements have more influence on the data fits than the late ones,
while the late ones generally have more leverage because changes are greater.
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With the same number of subjects, when each VC measurement is given the same
weight, experiments with more measurement sessions for each subject count more
heavily than those with fewer. The parameters presented in this report as "weighted by
datum" are biased toward the experiments with more frequent measurements. Those
reported as "weighted by subject" have been corrected for this effect, but not without
introducing a different bias; the weighting is equal for experiments with the same
number of measurements per subject independent of the length of the study.
Parameters from fits with weighting by subject thus deemphasize longer exposures.
However, fits with the different weightings were similar.

We assessed fits to exposure data alone, to exposure and 8-hours recovery, and to
exposure and all recovery. Recovery by itself was assessed only for Exponential Model
5. The choice of eight hours duration for early recovery was entirely arbitrary.

Models

The temptation is strong to try to match a model to a putative mechanism, and many of
the models described in this report have been explained in terms of chemical kinetics.
However, the multiple biological factors of oxygen injury - briefly described in the next
section - complicate any mechanistic approach. Any chemical kinetics suggested by a
model is approximate at best.

Biological Factors in Pulmonary Oxyaen Toxicity

Oxygen and Free Radicals

Free radical reactions are a normal part of oxygen metabolism. Since free radicals are
defined as molecules with at least one unpaired electron in the outer shell, oxygen itself
is a free radical. Each molecule of oxygen accepts four electrons before it is reduced to
water during oxidative energy production, and highly reactive intermediate products, any
of which can damage tissue, may be produced in the process. Antioxidant enzymes
normally control the concentrations of ROS.

While high P02 generally means increased free radical concentration, not all the
pathways of free-radical formation are sensitive to PO2.30 Furthermore, multiple kinetic
expressions relate the concentrations of different oxygen-related reactive species to
Pa 2; after molecular oxygen traps an electron to form a superoxide ion, 02-, many other
species may form. A superoxide ion may convert rapidly to hydrogen peroxide (H20 2) in
the presence of superoxide dismutase (SOD), may react rapidly with the sparsely
present free radical nitric oxide (NO), or may react with water to produce H20 2.
Hydrogen peroxide can cross cell membranes and, in the presence of metallic ions such
as iron, release very toxic hydroxyl ions, OH-.

If the concentration of oxygen free radicals increases, reactive species can cause direct
oxidative damage to lipids, proteins, deoxyribonucleic acid (DNA), or lung surfactant.
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ROS also have other, more insidious effects. They can alter enzyme activity by
changing the configuration of enzyme proteins, and they are normally involved in inter-
and intracellular signaling.32 For example, oxygen free radicals can block NO-dependent
vasodilation; increase lung permeability; limit cell growth, proliferation, and
transformation; initiate cellular self-destruction; or, under other circumstances, promote
cell proliferation. Increased concentrations of oxygen radicals may limit the expression
of genes for antioxidants, but an increase in production of antioxidant enzymes has
been observed in rats after three days of oxygen exposure.29 Different ROS effects
may even dominate under differing experimental conditions or for various individuals.
Furthermore, indirect effects such as absorption atelectasis following surfactant
depletion or an alteration of the sympathetic nervous system or of adrenal hormone
control can result.28

Inflammatory Injury

ROS-induced injury may trigger inflammation through the response to cellular damage.
Also, ROS signal the inflammatory response and contribute to it in multiple ways.33 For
example, superoxide ions interact with extracellular fluid to activate neutrophils, and
hydrogen peroxide elicits the release of platelet activating factors from the endothelium
and stimulates the synthesis and mobilization of leukocyte adhesion molecules.33

A few hours after an inflammatory stimulus has ended, leukocyte adhesion and
migration usually stop. Leukocyte clearance from tissue has a half-time of about twelve
hours but sometimes causes the release of more inflammatory mediators, prolonging
the recovery.34 Late effects are also known: for example, investigators injecting a bolus
of vascular endothelial growth factor into tissue observed an increase in permeability to
water that started half a minute later and lasted less than two minutes but recurred two
days later with a duration of two days.32

Vital Capacity as an Index of Lung Injury

Because the dependent variable for these models is AVC, the kinetics of the models
should not be expected to indicate the kinetics of ROS production. Decreases in VC,
which can occur for a variety of reasons, reflect a summation of regional injury,
inflammatory responses, and compensatory mechanisms.

VC decreases if potential alveolar air space is reduced by vascular engorgement,
interstitial edema, or alveolar edema. Engorgement is generally transient, is likely
eliminated by VC maneuvers, and is not evidence of injury. Interstitial edema can
decrease VC by less than 50 mL (less than 2%), because interstitial membrane
thickness can increase by no more than 15% to 20%.35 Thus, repeated measurable
AVC can be expected only from alveolar edema, airway closure, or atelectasis.

Alveolar edema occurs when lymphatic drainage is overwhelmed by the inflow from
leaky capillaries. Because lymphatic drainage can increase ten- to fifteenfold in the face
of increased membrane permeability,35 early or small increases in permeability will not
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reduce VC, and kinetics of increased ROS production are unlikely to be evident in the
kinetics of AVC. The rate of VC recovery after alveolar edema is most likely to reflect
the rate of reduction of inappropriate membrane permeability, with the maximum
recovery rate equal to that of lymphatic drainage.

VC decreases also if airways or alveoli close. Alveolar atelectasis occurs if no non-
absorbable gas is present and local absorption of oxygen into the blood exceeds local
ventilation. If local ventilation is low only because of regional heterogeneity in
ventilation, in the presence of adequate lung surfactant, maximal inspiratory efforts
associated with VC measurement will inflate atelectic regions. However, if excessive
secretions are present in small airways - for example, because ciliary action has been
disrupted - small airways may remain closed. Even if airways are not plugged, VC may
remain low if surfactant has been degraded. The rate of VC reduction because of small
airway obstruction or collapse thus will be related to rates of degradation of mucociliary
clearance and of surfactant production by ROS. The rate of recovery will depend on the
rates of recovery of ciliary function and of surfactant production. Additionally,
bronchoconstriction could occur during oxygen exposure because of bronchiolar smooth
muscle reactivity to ROS or because of later C-fiber stimulation by inflammatory
mediators. The rates of onset and recovery depend on the rates of generation and
clearance of the causative agents.

Variability

Responses to oxygen stimuli show enormous biological variation,28 and the average
response, the target for the model, may differ widely from that of any individual. Some
variability could be environmental. Although prior exposure to elevated P02 can be
controlled by experimenters, individuals are always exposed to varying concentrations
of ozone, carbon monoxide (CO), and other inspired oxidizing agents. After hyperbaric
oxygenation, concentrations of antioxidant enzymes in animal lungs have been seen to
increase-9,30 and, after exposure to high P02, to remain elevated for 72 hours.30 CO in
breathing gas has been found to protect rats from hyperoxic lung injury.31

Whatever its sources, the variance of this data set is large but known. If one assumes
that the scatter is normally distributed around the mean and is independent of P02 and
other experimental conditions, a first estimate of prediction interval is given by the
Student's t-statistic for the selected percentile multiplied by the square root of the
residual variance. For example, for Data Group 3 at elevated P02, the residual standard
deviation around the intersubject average is 7.44, and that around Model 5e is 8.08.
The 95% prediction limits are approximately ±14.6 around the intersubject mean and
±15.8% around the modeled value, and the decrement in VC that is expected for at
most 10% of the population is the model value minus 10.3 (standard deviation multiplied
by the one-sided Student's t-value for a = 0.1, n large). For a better estimate of the
prediction interval, the residual variance is supplemented by the model variance at the
P0 2 and exposure duration of interest.
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Week-to-week or even day-to-day variability of VC measurements is also moderately
large. The lower 95% confidence interval around normal, as defined at NEDU, 7 was not
reached on the average in the experimental exposures until about 500 min at P0 2 = 1 or
1.5 atm, until after 250 to 400 min at P0 2 = 2 atm, until after 200 min at P0 2 = 2.5 atm,
and until 500 to 700 min during the intermittent exposures to P0 2 = 2 atm. The models
of the average responses thus cannot be expected to provide information in those
ranges. However, prediction intervals about those average responses can provide
estimates of the maximum number of subjects expected to experience measurable
decrements in VC.

Acute Iniury Models: Development of Iniury

Model 1: UPTD Model

The UPTD model simply seeks to describe exposure data. The initial analysis was done
graphically on a logarithmic scale for exposures to P02 levels of 0.83, 0.98, and 2 atm
(Experiments A, B, and C). For those data the model is descriptive, but its predictions
deviate from the data of Experiments E-J (Fig. 12).

Clark and Lambertsen3 found that for any chosen %AVC,

ft m (Pa2 - Pth) = constant.

This describes a family of P02 curves graphed against time, one curve (different
constant) for each %AVC. The authors defined the point on each curve at P02 = 1 atm
to be a reference point and designated the time coordinate as tr. To cancel the units of
measurement before taking the logarithms, they divided by the equation

r m - (1 - threshold) = constant.

Thus,

(t t*)-m - (P02 - Pt) / (1 atm - Pth) = 1,

and

-m. In t + In(Po 2 - Pth) = -m- ln(t) + In(1 atm - Pth),

where In is the natural logarithm.

Pth was set at half an atmosphere, because multiple subjects previously had been
exposed to P02 of half an atmosphere for long periods without experiencing pulmonary273
problems. Fitting by eye, Clark and Lambertsen determined that the exponent m was
1.2. However, the relationship is more complicated than can be determined fully by
graphic analysis: if one examines his log-log plot, the data points for each VC isopleth
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deviate from straight lines with the same pattern and show a slope more negative than
-1.2 at low P0 2 .

Bardin and Lambertsen' 9 and Wright2° express the %AVC isopleths numerically, in
terms of t above. When m is 1.2 (thus, mn- 1 is 0.833) and Pth is 0.5 atm, they named r
the UPTD and expressed it in minutes. One UPTD is purported to cause the same
average decrement in VC as one minute with P02 of 1 atm.

From the logarithmic equation immediately above,

In r = (-1 / m) In[(1 atm - Pth) / (Pa 2 - Pth)] + In t,

and

r = t. [(P0 2 atm - Pth) / (1 atm -Pth)]1 m

while

UPTD = t- [(Pa 2 - 0.5)! (0.5)]O- m

= 1.78 • t (Pa 2 - 0.5)0 ,3

with P02 expressed in atm and tin minutes.

The relation between UPTD and %AVC was given as tabular data.13'18,20 By linear

regression of these,

%AVC = -0.011 • UPTD + 5.6, 2 = 0.9929

or

%AVC = -2 10 . UPTD 2 - 0.006 UPTD + 2.5, ,2 = 0.9998.

We elected to use the first-order relation, %AVC = a UPTD + c.

With the definition of UPTD given above - that is, with the fixed exponent and
threshold - we found a, depending on the data set, to be between -0.005 and -0.006
(Table Al) and c to be between -1.0 and -1.6. In no case was the intercept c greater
than zero. When we fitted all parameters, we concurred with a threshold of 0.5 atm for
all data sets (Table A3). However, we found that the exponent of P02 - that is, 1/m -
differed from 0.833. The exponent had the value 0.5 with Data Group 1, in which many
values at low P0 2 are included, and 1.1 to 1.2 with Data Groups 2 and 3, which include
higher P02 exposures (Tables A2 and A3). The number from the smaller data set
suggests a steeper log-log plot line than Clark found,3 while those from the larger data
sets predict plots less steep.
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The disparities could have several causes:

(1) Clark weighted the data obtained at 2 atm more heavily than the others -
clearly a correct decision to pull the exponent toward values found with larger
numbers of high P02 data.

(2) Because he used a logarithmic transformation, Clark was forced to censor
data at the lowest P02 values, where VC sometimes increases during
exposures.

(3) From Experiment C we used electronically compiled data6 rather than
tabulated data used by Harabin et al.,16 although we included the two subjects
missing from the electronic record. The electronic record has fewer time
points than the paper record, and we do not know exactly which data were
included in the original fit.

(4) Both the use of a logarithmic transform and the fit of m instead of 1/m
produce different minimization criteria from that which results from fitting 1/m
without transforming the data.

However, as Harabin et al. 13'21 demonstrated, the effect of an exponent different from 1
is very slight in the range of most of these data (Fig. 2). For partial pressures near 1.5
atm, the estimate of %AVC is insensitive to the exact value of the exponent when a
threshold of 0.5 atm is subtracted from P02.At partial pressures higher than 1.5 atm,
small differences in the exponent have increased effect.

The UPTD model remains one of those used frequently to estimate pulmonary effects of
oxygen. Although it does provide an estimate of average AVC as a function of exposure
duration for a single exposure to elevated P0 2 near 1 atm, it fails to match the curvature
with time at higher P0 2, and, as the original authors recognized, it overestimates AVC if
oxygen exposure is intermittent.

Model 2: Proportional Model

Harabin et al. 13' 21 began with Clark and Lambertsen's concept that, for a particular
decrement in VC, the plot of PO2 against exposure time is nearly a rectangular
hyperbola. 3 They proposed that the exponent of time might differ from unity and that
time might have an offset. This they expressed as

%AVC = a" (Po 2 - Pm) (t- th).

This expression differs from that for the UPTD model given in the preceding
paragraphs, where the exponent different from 1 is on the P0 2 term. (The variable c is
used for the exponent for consistency with the discussion that follows.)

We began with the still more general case,
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%AVC = a" (P0 2 - P )b. (t- th )c + (%AVC)O, P02 > Pth.

This model, like that of Harabin et al.,13'2' was equivalent to the proportional model
when we used Data Set 1, the data that were available to those authors; b and c were
within one standard error of unity, and tth was set to zero (Table A4). However, when
additional data (Data Set 3) at P0 2 higher than those available to Harabin et al. were
included, the exponent b was two standard errors greater than unity.

When the model was fitted with fixed exponent c = 1, Pth increased, an increase causing
fewer data to be used, and the exponent b decreased in magnitude to become similar to
that for the UPTD models (Tables A3 and A5), more than two standard errors from 1 for
Data Groupl, and 1.25 standard errors greater than 1 for Data Set 3. When the model
was fitted with fixed b = 1, as had been done by Harabin et al., exponent c was 1.5
standard errors less than 1 (Table A6). The differences in exponents from unity are real
but have little effect in the range of data available (Figure 13).

The mechanistic interpretation of the differential form of-the proportional model is that
the rate of destruction for reactive species is constant, independent of P02, while the
rate of generation depends directly on P0 2 . Thus, the concentration of reactive species
increases linearly with time once the rate of removal is swamped by the rate of
generation, and it decreases linearly with time if the P02 is less than threshold.
However, as indicated in the Biological Factors in Pulmonary Oxygen Toxicity
subsection, the biochemistry of oxygen toxicity is much more complex than this
interpretation allows.

Harabin et al.13' 21 found the best proportional model fit to their data with

a = -0.009 (atm - min) - ' = -1.2. 1 e (Torr • miny - ,
inspired Pth = 0.38 atm or 289 Torr,

and a fit almost as good with

a = -0.011 (atm • min) - ' = -1.45. 1 e- (Torr • min) -1 ,
and a fixed inspired partial pressure threshold Pth = 0.5 atm = 380 Torr,

a widely used set of parameters to which we have referred (Fig. 13, Table Al 5) as the
Harabin Linear VC Model.

Vann 22 fitted this proportional model with a larger data set than that used by Harabin

and found that

a = -0.0024 (atm. min) - ' =-3.2 10- 6 (Torr • min) - '

and inspired Pth = 0.28 atm = 213 Torr.
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The values we fitted, intermediate between those of Harabin and those of Vann, are

listed in Table A7; for Data Group 4 and up to eight hours' recovery, we found

a = -0.007 (atm min) -1 = -9.2.- 10- (Torr • min) -1 ,

and alveolar Pth = 0.16 atm = 121 Torr; that is, inspired Pth = 0.27 atm if F1o2 = 1.

Although the proportional model is still used to predict decrements in VC, it does not
describe the data (Fig. 14), and we cannot recommend its use. Experiments conducted
since the model was first proposed demonstrate strongly curvilinear responses with
increasing time, while the proportional model is a straight-line model.

Vann also fitted the proportional model with an addition. 2 Because %AVC cannot

decrease by more than 100%, he chose to limit the value with the function:

%AVC = -100 (1 - base -.

In Model 2b, the parameter base was fixed at 1.005, as Vann had determined. He found

a = 0.021 (atm • min) - ' = 2.8 10-5 (Torr • min) - ',

and inspired Pth = 0.41 atm = 312 Torr, where the values we found (Table A8) changed
between Data Group 1 - where most data were obtained at Po2 

< 1 atm - and the
data groups with data obtained at 1.2 to 2.5 atm. For Data Group 4 and all recovery
data, we found

a = 2.1 . 10- (Torr • min) - ' = 0.016 (atm- min)-1,

and alveolar Pth = 129 Torr = 0.17 atm , or inspired Pth = 0.28 atm if F1o2 = 1.

Model 3: Proportional Rate of Healing Model

If we assume reactive species are produced at a rate proportional to the elevation of
P0 2 above a threshold and are eliminated at a rate proportional to their concentration,
we have a proportional rate of healing model in differential form. No ROS are generated
when P02 is below threshold. Concentrations of ROS, and thus AVC, approach steady
state after long times (Fig. 4). Vann22 proposed this formulation in part as a mechanistic
model. Although the complexity of the biochemistry (see Biological Factors in
Pulmonary Oxygen Toxicity) makes the explanation unlikely in general, the model is
also descriptive in the ranges discussed below.

The parameters Vann22 obtained were, for Model 3a (not log limited),

a = 0.009 (atm- min)- ' = 1.2- 10- (Torr • min 1 ,
b= 3.1 • 10-4min- ', and
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inspired Pth = 0.17 atm = 130 Torr.

For Model 3b (log limited), the parameters were

a = 0.021 (atm min) -1 =2.7 10-5 (Torr • min)-1 ,
b = -2.8 • 10-7 min - ', and
inspired Pth = 0.41 atm = 312 Torr.

Parameter b has different signs given here for the different versions of the model in
Vann's report. Our values (Tables Al 0 and Al 1) are slightly higher than Vann's for
parameters a and b and yield different Pth values depending on the range of P02 in the
data group. We do not change sign on parameter b.

With Data Group 1 and no recovery, for Model 3a we found

a = 1.5- 10-5 (Torr - min) -1 = 0.011 (atm- min)-1,
b =2.0 10-4 min-1 , and
alveolar Pth = 170 Torr = 0.22 atm; inspired Pth = 0.33 atm if Flo2 = 1.

And for Model 3b we found

a = 3.2• 10- 6 (Torr - min)- ' = 0.024 (atm • min) - ',
b = 2.0 10-4 min - ', and
alveolar Pth = 170 Torr = 0.22 atm ; inspired Pth = 0.33 atm if F1o2 = 1.

The proportional rate of healing model predicts a rapid initial AVC, which then attains a
steady state. This is opposite to the direction of curvature seen in Experiments H-J (Fig.
15). However, because this model matches early data moderately well, it is one of the
more successful at accounting for overall variance (Table 4). It also provides relatively
high correlation coefficients with the DISSUB data, where each step of the exposure is
short.

Model 4: Autocatalytic Models

To attempt to explain the increasingly rapid loss in VC with time at high P02 we
employed an autocatalytic model similar to one proposed by Harabin et al. in another
context.23 A steady-state balance between increasing injury and repair can be attained
relatively rapidly at low P02 and more slowly at an increased P0 2 until, for Model 4a
fitted to the data, if alveolar P0 2 is greater than 1000 Torr, injury increases exponentially
with time. This model has the appealing feature that both concave up and concave
down patterns can be obtained (Figure 5). However, it does not correspond well to the
data (Figure 16). In Model 4b we based our attempt to fix the autocatalytic threshold on
curvature of the time traces of different experiments; in Model 4a the precision of the
threshold estimate is not high (Table Al 2). However, improvements in fit were slight
(Figure 16). We also tried some modifications in which duration of exposure was
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included (Table Al 3) with some success (Table 6). The introduction of a "dead zone"
between the threshold for injury development and that for recovery (Model 4d) improved
the fit to Experiment D.

Model 5: Exponential Models

Plots of the data (Fig. 1) show that the decrease in VC with time at constant P0 2 >1.5
atm is curvilinear and concave down. The exponential Models 5 (Figure 17) match
these characteristics by using a time term raised to an exponent.

Arieli 24- 26 proposed that injury is proportional to the square of exposure time multiplied
by normalized P0 2 raised to an exponent, where the exponent of P0 2 is a parameter
and normalized P0 2 is numerically equivalent to P0 2 expressed in atmospheres.

%AVC = -a- P0 2 b . P02 > Pth

The quadratic function of time was derived from data but was considered to correspond
to the expression for the rate of production of hydrogen peroxide. 24 26 This proposed
mechanism, like the others already discussed, is an oversimplification (see Biological
Factors in Pulmonary Oxygen Toxicity), but the model does describe the data at P0 2
>1.5 atm.

For injury development, Arieli found a P0 2 exponent of 4.6, while in Model 5a we fitted
values between 2.7 and 4.0, depending on the data group. The multiplier fitted by Arieli
was -2.3 • 10-6 min - 2, as compared to our value of -2.7 1 I0 min - 2. These differences
may result from using slightly different data sets. More likely, they result from using
different weighting and techniques of optimization: we used nonlinear regression, while
the other authors transformed the data and used linear techniques.

Subtraction of a threshold in Model 5c caused the exponent on P0 2 to decrease to a
range of 1.4 to 2.6, but it also slightly decreased the coefficient of determination r2
(Tables A14 and A15).

Most of the available data are from P0 2 values near 1 atm and thus do not strongly
steer the fit of the exponent. Because a small change in exponent causes a large
change in predicted %AVC (Figure 6), extrapolating this model to P0 2 higher than 1 atm
would be unwise; the difference in exponent from 4.3 to 4.6 represents a 13% difference
in predicted %AVC if P0 2 = 1.5 atm and a 23% difference if P0 2 = 2 atm.

Figure 17 shows that the data of Experiments A, B, and D, where the P0 2 is
approximately 1 atm, are more linear in time than is predicted by Model 5a or 5b. In
response to this observation, we tested an alternative exponential model, Model 5d:

%AVC = -a- P02b . t P02 + (%AVC)o, Pa2 > 0.58 atm.
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P02 is normalized by 1 atm to be dimensionless, and t is considered to be normalized
by 1 minute.

Model 5d (Figure 17) is descriptive, not mechanistic. At P02 = 1 atm it reduces to a
proportional model. It is odd that b, the exponent of P02, is negative (Table A13), a
result meaning that the divisor of the time expression becomes greater as the time
expression increases more rapidly with time.

Normalizing factors are arbitrary in Model 5d. To test the normalizing factor, a multiplier
of P02 was included in Model 5e. The fitted factor on P02 was 0.55 (Table Al 3), to yield
a model with approximately P-5 for Experiments A, B, and D; t0 8 for experiment H; t for
Experiments C and I; and e" for Experiment J. The exponent on P02 as a multiplier
remains negative but is smaller in magnitude than for Model 5d (Table A14).

For the intermittent exposures, the exponential models become somewhat predictive
when the accumulated times at elevated P0 2 are used instead of the time since last air
break. Whatever recovery process is occurring during short air breaks is insufficient to
restart the "injury clock." In light of the cascade of events necessary before increased
P0 2 manifests as decreased VC (see Vital Capacity as an Index of Lung Injury),
successive oxygen exposures probably have cumulative effects even before AVC is
evident, and probably until P02 and VC have been back at baseline for multiple hours. It
is also likely that multiple different recovery functions occur when P0 2 returns to normal:
the rapid removal of ROS, and the relatively slow removal of liquid, restoration of
surfactant, repair of the microvasculature, etc. Only the slow recovery functions are
observable, and only in their integration throughout the lungs.

The exponential models used with the accumulative times at elevated P02 overestimate
AVC relative to the data and curve more steeply than do the experimental records.
Using the P02 averaged over the last 90 to 120 minutes rather than the instantaneous
P0 2 improves the model's correspondence to data. Using it also eliminates the recovery
phase from consideration, since the average P02 remains elevated. Perhaps the
average P02 better approximates the value that propagates the cascade of events than
the instantaneous P0 2 does. Still unknown are the most correct period over which to
average and the length of air break needed for an intermittent exposure to become two
successive exposures with recovery between them.

The use of accumulated time at elevated P0 2 approximates integration from the starting
time onward. We attempted a less arbitrary approach by integrating a differential form
of Model 5e, but with repair modeled as being continuous when VC has decreased,

d (%AVC) / dtdur = -a" (c" PO2)b 1'. f *P2 g / tdur" (%AVC), Pa2 > 0.58 atm

= g /tdur" (%AVC), P0 2 < 0.58 atm

where tdur is the time with P0 2 > 0.58 atm.
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The rate of repair decreases as the duration of the exposure increases. The portion of
healing that is independent of tdur in the recovery portion of Model 5b has been omitted
to allow for closed form integration during elevated P02. After any period at constant
elevated P0 2,

%AVC = -a" [(c .P0 2) -1l / (C PO2 +g)] • [tdu c ' P°2 - tdurlP°2 ] + (%AVC) at td,rl.

After time tat low P0 2,

%AVC = (%AVC)o • e- g t t r,

where tdur is the duration of previously elevated P0 2 and (%AVC)0 is %AVC when P02 is
first low.

Model 6: Sigmoidal Dose Response Curves

The sigmoidal model choice was driven by inspection of the data and the different
curvatures of experiments. Although the curvature was in the correct direction, each of
the sigmoidal models fitted moderately well to some experiments and poorly to others
(Figure 19, Tables 5 and 6).

The shapes of the model responses are affected by the parameter values. Parameter a
- often called Pso, the dose for 50% effect - sets the left-right position of the response
relative to the dose. The Hill exponent determines how abrupt the response to an
increasing dose will be: a small exponent causes a gradual onset of response. With an
exponent equal to 1, 25% of the response is achieved when the dose is one-third of the
P50 - while an exponent approaching infinity gives a square wave response: no effect
until the dose reaches Po, then a step to full response.

Sigmoidal dose response curves can arise from dynamic equilibria, among other
mechanisms. However, we propose no functional model. Some different relationships of
P0 2 to the doses driving the sigmoid are proposed. In Model 6a the dose is generated
and cleared according to the proportional healing model. In Models 6b and 6c the
integral of P02 difference from threshold represents the dose during exposure. In Model
6b when the P02 drops below threshold, the dose - and thus the %AVC - decreases,
while in Model 6c %AVC recovers exponentially once P02 drops below the fitted
threshold.

Model 7: Different Kinetics Model

This model introduces a possible explanation for a latent onset of %AVC: the
concentration of reactive species may not have reached its final values when the first
measurements were made. Although the first measurements were hours apart (many
orders of magnitude longer than times for these chemical reactions), biological factors
such as antioxidant enzymes being consumed faster than they can be generated could
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gradually increase the concentration of reactive species over time. However, the

number of model parameters cannot be justified by the data.

Acute Inoury Models: Recovery from In'ury

Recovery data are available from Experiments B-D, H-J, N, and 0.

Model 1: UPTD Model-recovery

The UPTD model does not consider recovery. Thus, the use of cumulative pulmonary
oxygen toxicity19 based on this model will overestimate toxicity in any situation following
an interval during which recovery occurred. The overestimation will result even if the
UPTD model might otherwise provide an adequate match to data (i.e., P02 near 1.5
atm, steady exposure, as stated in "Acute Ineury Models: Develooment of Inoury").

Model 2: Proportional Model--recoveiy

Slow recovery, linear with time, is predicted by this model when P02 is below threshold.
Fitting of recovery is integral to the fitting of injury development. Only for Experiment B
does this prediction approximate the data; the other experiments indicate faster
recovery (Figure 3).

Model 3: Proportional Rate of Healing Model-recovery

Fitting of recovery is integral to the fitting of injury development. The exponential form of
recovery appears to be a reasonable form for the data, but the single time constant of
this model does not match the experimental record in which recovery rate varies in
ways depending on the prior exposure (Figure 4).

Model 4: Autocatalytic Models-recovery

The autocatalytic models represent a refinement of the proportional rate of healing
models. Like them, the autocatalytic models include the recovery parameters during
injury development and after the return to normoxia. As in the other models, a single
time constant does not match the recovery records, but the inclusion of a time duration
term improves the recovery fits.
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Model 5: Exponential Models-recovery

The exponential model is the only one discussed here for which, except for the starting
point, the recovery can be fitted independently of the injury onset. The recovery
parameters reported for Models 5a-5e were fitted separately from the injury onset. We
used nonlinear regression with grouped data from all experiments and, with F defined
as the last measured point before recovery began, a different value for each subject.
Our approach differed from that used by Arieli for his fit to the model we call 5a: he fitted
a separate exponential decay function to data from each of Experiments D and H-J,
and then found the linear relation between the exponent of healing and the P02 that
caused the injury.26 The effective differences between his technique and ours are in
weighting of data and in selecting error terms to minimize. His technique weights each
experiment equally but minimizes the logarithmic transforms of the error terms, and our
technique weights each measurement equally, a weighting thus emphasizing some
experiments more than others but minimizing the raw error terms.

Arieli found

Exponent coefficient = -0.42 hour' + 3.8 - 10-3 (kPa • hour)-1 P0 2 is (kPa)
= -0.007 min-1+ 0.006 (min • atm)-'. P0 2 is (atm).

This model provides a very good fit to recovery in Experiments H-J (Figure 18).
However, the sign on the exponent reverses if P0 2 i < 1.17 atm, and the expression
indicates that injury will continue rather than recovery occurring for subjects who have
breathed P0 2 near 1 atm, as in Experiment D (Figure 18). The problem is in the
expression, not in the fit; for the same functional relationship, the best fits that we found
also fail in the range of the data.

Intriguingly, the P0 2 values in Experiments D and H-J are inversely proportional to the
exposure durations. We thus proposed Model 5b, like Model 5a but with the inverse of
prior exposure duration instead of P0 2 is. This formulation corresponds to the stepwise
linear regression, is more intuitive (longer exposure, not lower P0 2, means slower
healing), and does not become unstable in the range of the data. In the limit as Tdur
approaches zero, there is no injury to heal as healing apparently becomes infinitely
fast. Only for very long exposures - outside the range of the data - will the exponent
change sign and thereby indicate continued injury. Unfortunately, Model 5b accounts
for marginally less variance for recovery data than does Model 5a (Table Al 6).

Model 5c introduced the idea that the recovery rate should be a function of both P0 2
and duration of exposure. This explained as much of the variance in recovery alone as
did Model 5b - or slightly more than did 5b (Table A16).

Like Model 3, Models 5a-5c assume that the rate of recovery is proportional to the
damage present, the first-order kinetic model where, if %AVC = -a- F,

dF/ dt= -k" F, and therefore F= F- e-k t
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Models 5d and 5e propose second-order kinetics:

dF/dt = -k- Fe, and therefore F = FO / [1- k. t. Fo].

If recovery follows first-order kinetics, ln(F/Fo) against time will be a straight line. If
recovery follows second-order kinetics, however, F/Fagainst time will be a straight line.
When recovery data averaged across subjects are used and each recovery experiment
is considered on its own, the FF vs. time relation fits slightly better for more
experiments than does the ln(F/Fo) vs. time relation, an observation that stimulated the
introduction of second-order kinetics in Models 5d and 5e. However, when individual
recovery data are used and values where F/Fos 0 are censored, first-order kinetics
provides a better fit to recovery in all experiments except Experiment J.

Model 6: Sigmoidal Dose Response Curves

In sigmoidal Models 6a and 6b, dose reductions allow the corresponding dose response
to generate healing. In Model 6c %AVC recovers exponentially once P02 is reduced
below the fitted threshold. The single time constant used does not fit well, and
adjustments to that expression, like those in the exponential model, would provide
improvement.

Models with Inflammatory Iniury

Model 8: Injury-Memory Model

The injury-memory model considers a cumulative "memory" effect of injury to be caused
by elevated P02: oxygen is assumed to cause immediate injury that takes hours to
resolve, and this injury-memory model integrates the proportional healing model over a
"memory" period. However, the integrated form does not appear to describe the
inflammatory process well. In general, the goodness of fit is slightly reduced from that
with Model 3 when the integration is included, and the model does not predict
intermittent effects any better than the proportional healing model (Tables 4 and 5)
does. Perhaps a similar integration of a model with the correct curvature could be more
successful than this injury-memory model.

Model 9: Delayed Inflammation Models

The delayed inflammation models present a view of inflammation as a delayed
secondary injury. Inflammatory injury is modeled as proportional to the primary injuryand appearing at full severity until it disappears abruptly. Although the steplike nature of
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the model is crude, it matches the general physiological situation in that a time lag
occurs before the secondary injury becomes apparent.

Inflammatory injury was added to the proportional healing Model 3a. Other models of
primary injury could have been used and might have been more successful than Model
3a if the curvature of the data had been matched. However, adding inflammation just
slightly increased the overall variance for which Model 3a accounts. Inflammation as
modeled here had little effect on the fits to individual data sets, but it delayed the start of
recovery.

The initial curvature of responses might be explained if the body reacts to the average
of P02 over a time rather than to the instantaneous P02. However, the improvement in
fit is slight when averaging is applied. Average periods long enough to improve the fits
of intermittent data degrade the fit of steady exposure data. Thus, a response to the
moving average of P0 2 rather than to instantaneous P0 2 is unlikely.

Fits to Data after In-water Exposure

The available data for in-water exposures to elevated P02 are from exposures that, on
the average, resulted in little AVC despite a few large decrements and some moderate
increases in VC. The average AVCs among the in-water data range from -2.9 to 3.8%,
while changes of absolute value less than 7.7% are within the 95% confidence bands of
normal fluctuation.17 With values so close to zero, correlations of models to data are
forced to be low; little can be concluded about the match of models and in-water data.

CONCLUSIONS

The variables P02 and accumulated exposure time may suffice to characterize average
AVC. However, all proposed models of pulmonary oxygen toxicity remain descriptive
and thus should be used only in the ranges of P02 and exposure duration that have
been measured.

Changes in VC for exposures with Pa 2 ?1.5 atm appear to be curvilinear in time with
more rapid change as exposure continues, but for exposures with lower Pa2, linear or
curvilinear and stabilizing with time. Thus, models with curvature that differs depending
on P02 can fit a wide range of data. Of the models tested here, Models 5e and 5f -
exponential models with the exponent of time a function of Pa 2 - perform best overall.
Nevertheless, for constant P02 near 1 atm, the simpler linear models may be adequate
for interpolation. The intermittent data seem to be better explained by the exponential
models with accumulated time and moving average P02 than by the others. However,
accumulated time was not tested in Models 3, 4, or 6, the other models with nonlinear
time expressions. Recovery is moderately well characterized by first-order kinetics, with
rate a function of prior exposure duration.
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Even within the measurement periods, many models are unacceptable for some data
ranges. Models 1 and 2, the UPTD and proportional models, should not be used except
for steady exposures to P0 2 of approximately 1 atm and for times up to 1000 min. Model
3, proportional rate of healing, can be used for up to 1000 min at P02 5 1.5 atm and for
up to 250 min at 1.5 < P0 2 < 2.5 atm, but it overestimates injury from intermittent
exposures and does not model recovery adequately. The autocatalytic Model 4s are
problematic because their thresholds must be chosen carefully, but the range of
usability for Model 4d is similar to that for Model 3: up to 1000 min at P0 2 :1.5 atm and
up to 250 min at P0 2 5 2.5 atm, but not recovery. The thresholds of Model 5, the
exponential models, that are quadratic in time should not be used for P0 2 <1.5 atm, but
they are acceptable for up to 800 min at P0 2 = 1.5 atm, up to 400 min at P0 2 = 2 atm
and up to 350 min at P0 2 = 2.5 atm. Those of Model 5s with the exponent of time a
function of P0 2 appear valid for up to 3000 min at P0 2 51.5 atm and up to 400 min for
1.5 < P0 2 

< 2.5 atm. Of the sigmoidal Model 6s, only Model 6a with fitted g gave useful
predictions - acceptable for up to 3000 min at P0 2 near 1 atm and up to 250 min for
1.5 < P0 2 

< 2.5 atm - but the additional complication added to Model 3, the source of
the "dose" term, may not be justified. Model 7 could not be fitted. Models 8 and 9, the
injury-memory and the delayed inflammation models, are both derived from Model 3
and do not offer substantial improvements over it.

Regression models can predict only average responses. The high variability among
subjects in response to oxygen exposure makes individual prediction nearly impossible.
However, the probability of a serious VC decrement is predictable. Even lacking a
universal model of AVC after oxygen exposure, a model that fits a particular P0 2 profile
- a curve-fit, if you will - can be used to predict the average response to a similar
profile. The population standard deviation estimate from this large data set - namely,
AVC of approximately 7.5% to 8% - can then be multiplied by the appropriate t-
statistics to construct the prediction bands.
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APPENDIX

Fitted Parameters of Models

Model 1. UPTD (No recovery data used in fitting)

%AVC = a. [(P0 2- Pth)/(1 atm - pth)]b+ C+ %AVCo,

where %AVCo is the change caused by a previous elevation in P02, if such a
change has occurred.

Table Al.
Fitted parameters a, c - two-parameter UPTD model 1 a.
b = 1/1.2 = 0.833 and Pth = 0.5 atm. Standard errors of estimates are in
parentheses; italics indicate low confidence in parameter value. Units are a:
%-min -1 and c: %.

Data All elevated P0 2 ,
Group Parameter No recovry data

weighted by weighted by
Sdatum suNect

Clark3,1  a -5.6 10"  ' -5.10 -0
(8.10-4)  (2.10- 3)

c -1 (1) -0 (3)

r2 0.26 0.20
a -5.4.10V -5.2.10-3

(2-10-4) (610-4)
C -1.4 (0.3) -1.2 (0.3)
r2 0.48 0.20

2 a -5.8 10- ; -6.4 10- 3
(3-10-4) (7" 10- 4)

c -1.4 (0.4) -1.2 (0.4)
12 0.30 0.21

3 a -5.9-10V -6.9.10V
(3"10- 4) (7-10-4)

c -1.6 (0.4) -1.2 (0.4)
_ 0.31 0.22
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Table A2.
Fitted parameters a, b, c - three-parameter UPTD model lb.

Pth = 0.5 atm. Standard error (SE) of estimates are in parentheses; italics
indicate low confidence in parameter value. Units are a: % • min - ',

b: dimensionless, and c: %.
Data All elevated P0 2,

Group Parameters No recoery data

weighted by weighted by
datum subject

a -5.6.10l -5.9.10"
(2 10 .- ) (7 10 )

1 b 0.4 (0.1) 0.2 (0.3)
C -1.5 (0.3) -1.3 (0.3)
2 0.49 . 0.21
a -4.51V _9- 10-4

(2.10le) (2-.10-4)

2 b 1.40 (0.07) 4.0 (0.3)
c -1.3 (0.4) -1.9 (0.4)
_ IZ 0.29 0.11
a -5.4.10- -5.4.10-

(3" 10-4) (7.10-3)

3 b 1.26 (0.07) 1.2 (0.2)
C -1.2 (0.4) -1.2 (0.2)
/2 0.34 0.23
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Table A3.
Fitted parameters a, b, c, and Pth - four-parameter UPTD model 1 c.

Standard errors of estimates are in parentheses; italics indicate low
confidence in parameter value. Units are a: % - min - ', b: dimensionless,
Pth: atm, and . %.

Data Parameter All elevated P0 2,
Group No recovery data

weighted by weighted by subject
datum

1 a -5.6.10 '(210-4) -5.9.104 (710-4)
b 0.4 (0.1) 0.2 (0.3)
c -1.5 (0.3) -1.2 (0.3)

Pth 0.487 (0.001) 0.487 (3 •10)
2 0.49 0.21

2 a -4.5.10 (3 10V) -2.3.10V (4. 10e)
b 1.3 (0.2) 0.8 (0.5)
c -1.3 (0.4) -1.4 (0.4)

Pth 0.53 (0.09) 0.9 (0.2)
2 0.29 0.18

3 a -5.4 10 (3 10r4) -6" 10- (6"10- 3)

b 1.2 (0.4) 1.1 (0.3)
c -1.3 (0.4) 0 (3)

Pt 0.53 (0.08) 0.5 (0.4)
2 0.34 0.21 * simplex
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Model 2. Proportional and Related Models

a. Testing proportionality
%AVC = a" (P0 2 - Pth)b (t- tm)c + %AVC0, t > tth, P02 > Pth

Table A4.
Four-parameter model, considering only nonintermittent data without recovery.

Standard errors of estimates in parentheses; italics indicate low confidence in
parameter value; units are a, b, and c: dimensionless; Pth: atm.

P02 > Pth Data Group I Data Group 3
a -0.7 (0.2) -0.8 (0.3)

Pth 0.31 (0.01) 0.39 (0.00)
b 1.0 (0.1) 1.4 (0.2)
c 0.9 (0.1) 1.0 (0.1)
/_ 0.44 0.23
n 534 543

Table A5.

Three-parameter model linear in time, without recovery.

Standard errors of estimates in parentheses. Units are a, b: dimensionless;
Pth: atm. Exponent c = 1.

P02 > Pth Data Group 1 Data Group 3
a -0.58 (0.05) - 0.92 (0.04)

Pth 0.486 (0.004) 0.525 (0.00)
b 0.6 (0.1) 1.10 (0.08)
r_ 0.36 0.24
n 301 447

Table A6.
Three-parameter model linear in P0 2 , without recovery.

Standard errors of estimates are in parentheses. Units are a, c:
dimensionless, and Pth: atm. b = 1.

P02 > Pth Data Group I Data Group 3
a -0.7 (0.2) -1.0 (0.2)

Pth 0.31 (0.01) 0.532 (0.00)
C 0.91 (0.06) 0.90 (0.06)
?_ 0.44 0.20
n 534 436
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Table A7.
Proportional model without recovery.

Standard error estimates are in parentheses. Units are a: dimensionless; Pth:
atm.

P0 2 > Pth Data Group 1 Data Group 3
a -0.67 (0.05) -0.91 (0.04)

Pth 0.44 (0.03) 0.532 (0.00)
_ _ 0.31 0.22
n 325 436

b. Proportional model

If we consider F instead of %AVC directly, the proportional model equation

can be written

F= a," (P02- Pth)" t+ FO.

This is the integration of the differential equation

dF/dt = a, -(P2 - Pth), F> 0.

If we remove the restriction on P02, when P0 2 < Pth the free radical
concentration F decreases, and healing occurs.

We considered two forms of this model, both previously published:13 21

a) %AVC = -a. Fand the parameter a in Table A7 is a = --a • a1,
and

b) %AVC = -100 [1 - 1.0 0 5-F]
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Table A8.
Fitted parameters for proportional Model 2a, without log limit.

Standard errors of estimates in parentheses. Units are a: (Torr min) -1 , Pth: Torr.
Data No recovery Recovery to All recovery

Group Param data 8 hr
Weighted by Weighted by Weighted by Weighted by

-r- datum datum suWect datum
a 9.1 1e 9.1 10 3.5 10 . 0  9.3 1 0 -

1 =a* a, (5" 10--) (5" 10- 7) (8' 10-6) (5 10- 7)
Pth 119 (2) 119 (3) 117 (6) 121 (2)

0.37 0.36 0.01 0.21a 9.4.10-  9.4-10-6 4.6.10 - 6  9.4.10-
2 =a* a, (5- 10- ) (5 10-7 ) (9- 10- 7) (5 10-7)

Pth 121 (3) 121 (3) 118 (6) 123 (2)
1
2  0.16 0.14 -0.01 0.07a 9.4" 10-  9.4" 10 510 9.3- 10e

3 =a, a, (5- 10-7) (6 10- 7) (1 10 ) (5 10-7)

P 121 (3) 121 (3) 118 (6) 123 (2)
0.16 0.14 0.00 0.07

- a 9.2 10 "  9.2- 10 4.6 10-  9.8" 10-
4 =a a, (5- 10-7) (5 -10- ) (8" 10- ) (5 10- 7)

Pth 121 (3) 121 (3) 118 (6) 133 (2)
= 0.17 0.15 -0.01 0.12

Table A9.
Fitted parameters for proportional Model 2b, with log limit.

Weighted by datum.
Standard errors of estimates in parentheses. Units are a,: (Torr min)-1 , Pth: Torr.

Data Parameter No recovery Recovery to 8 hr All recovery
Group I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a, 1.9 10 -  (1 10 ) 1.9 10 (1 10- ) 1.9 " 10 (1 10 )
1 Pi 118 (2) 118 (2) 120 (2)

__ 0.37 0.36 0.22
a, 2.0' 10 - (1 '10V ) 2.0" 10 (1 -10 ) 2.0' 10 -  (1 10 )

2 PO 120 (3) 120 (3) 122 (2)
_ _ _ 0.16 0.14 0.08
a l 2 .0 10 -  (1 10--) 2 .0 -10 '  (1 10 ) 2 .0 10 -  (1 - 10 )

3 PO 120 (3) 120 (3) 121 (2)
,f2 0.16 0.15 0.07

a, 2.0 1V -  (1 10 ) 2.0 10 (1 10- ) 2.1 10 4 (1 10 )
4 Pth 120 (3) 120 (3) 129 (2)

0.17 0.15 -0.18
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Model 3. Proportional Rate of Healing Models

(a/ (P0 2 - Pth) - b F, P02 > threshold
If dF/dt=

-b F, P02 < threshold,

a. %AVC = -a F b. %AVC = -100 [1 - 1.005-F

Table A10.
Fitted parameters for proportional healing Model 3a, without log limit.
Standard errors of parameters are in parentheses; italics indicate low confidence
in parameter value. Units are a: (Torr • min) -1 , b: min -1 , Pth: Torr. ** indicates that
a Simplex fit is given, because the Marquardt fit for general starting values
reduces to the proportional Model 2a.
Data Param No recovery Recovery to 8 hr All recovery

Group Weighted by Weighted by
datum Weighted by Weighted by datum- - I__ datum subject Io--5

a = 1.5- le- 1.6.10-5 1.2. -  1.5.10 -

1 a.a, (7.10- ) (1 .10 - 6) (3.10) (1 10- e )

B 2.0- 10-4  7.0.- 3.0.10-4 2.0 10-
(9 105)** (8.10-6) (2 0) (3.10- )

Ph 170 (10) 250 (30) 160 (20) 170 (10)
r2  0.46 0.45 0.19 0.39
a = 2.410-  2.410 2.7.10- 2.5.10-

2 a'a, (2 10- ) (2"10- 6) (4 10-) (2" 10e)b 1.8- 10-4 2.6.1- I 8-le0 -  6.2.10O-4
(8"10-5) - (9.1- l )  (3.10-4) (9.10- 6)

Ph 340 (20) 320 (20) 250 (601 230 (40)

r2 0.30 0.26 0.20 0.22
a = 2.4"10 2.3 10- 2.6 10-5 2.5 10-5

3 a'a, (2-10-6) (2-10 ) (4.10 ) (2.10" )
b 1.8- 10-4 6" 10-4 7.10-4 6.2' 10-4

(8" 10--5) (1.1- I ) -(3" 1- 4l )  (9. 10-5)

P 340 (20) 180 (20) 250 (60) 230 (40)
0.34 0.29 0.21 0.25

a= 2.3- 10 2.4"105 2.4"10-5 2.5-1-
4 a-a, (1 .10 '-) (4- 10e ) (3"10-) (2 10- )b 1.6- 10-4 2.4" 1- 4I 4" 10V 9.8" 1- I

(2 -10 )** (6" 10-)** (3" 10-4) (9 10
Pth 340 (20) 320 (20) 290 (3 110 (20)

0.31 0.24 0.23 0.22
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Table Al1.
Fitted parameters for proportional healing Model 3b, with log limit.

Weighted by datum. Standard errors of parameters are in parentheses. Units are
a: (Torr • min) -1 , b: min - ', Pth: Torr. * indicates that a Simplex estimate was
needed to start the Marquardt fit; ** indicates that a Simplex fit is given. The
Marquardt fit for other starts reduced to the proportional Model 2b.

Data Parameter No recovery Recovery to 8 hr All recovery
a 3.2.10- (3.10 3.2.10-5 (1.-101) 3.3.10 - (2.0 ' )

1 b 2.10 (1-10 -)** 210 (3"10-)** 2.0.10 -4 (3 10- )
Pt 170 (10) 170 (10) 170 (10)

2  0.46 0.45 0.39
a 4.6' 1-e (4 -le) 5.2 - (4"- l0e) 5.5'le (4 "le)

2 b 2.4- I0V (1.10- ) 2.3.10 (9.10- )* 6.2.10-4 (910- )
Pth 270 (50) 330 (20) 240 (30)
t2  0.30 0.26 0.21
a 4.7 10- (4 10- 5.310- 4 10- 5.510 (4 10)

3 b 2.4.10V (110")* 2.4"10 (9"10 )* 6.2" 10- (9 10-)
Pth 270 (50) 330 (20) 250 (30)
r2 0.33 0.30 0.25
a 5.0.- (5.10) 5.1.10-V (4" 10-- )  5.3.10- (3.10-6)

4 b 1.4.10 - (8 10- )** 2.2.10 -  (1"10- )** 1.01. - IV (9"10- )
Pth 340 (20) 330 (20) 120 (20)

2 
_ A 0.31 0.24 0.22

Model 4. Autocatalytic Models

dF/dt= ai (Po2 - Pth) + b" F" (P02- Pa)

%AVC = --a • F Let a = -a • a,.

Model 4a: Pth set to 110 Torr. Model 4b: Pa set to 760 Torr.

Note that the time constant of recovery is 1 / [b. (Pa2 - Pa)], not 1 / b.

Model 4c:

dF/ dt= a," (Pa 2 - Pth) + (b + C/Tdur)" F (PO2 - Pa), Pa = 760 Torr,

where Tdur is the duration of exposure to elevated P02.
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Model 4cl:

( a, -(PO2 - Pth) + [b + c -(P 2 - Pa) / Tdur] F, P02 > Pth
dF/dt=' 0, 200 Torr < P02 < Pth

Y [b + c (PO2- Pa) / Tdur] ' F, P02 < 200 Torr,

where Pth = 330 Torr, Pa = 760 Torr,

and Tdur = duration of exposure to elevated P0 2.

Table A12.
Fitted parameters for autocatalytic Model 4a.
Standard errors of parameters are in parentheses; italics indicate low confidence
in parameter value. Units are a, b: (Torr • min) - ', P: Torr. * on 12 value indicates
a Simplex fit that yielded a much greater value of 12 and different parameters
than did the Marquardt fit.
Data Param No Recovery Recovery to 8 hr

Group All recovery

Weighted by Weighted by Weighted by
datum datum subject Weighted by

datum
1

Model increases variance.
a = 1.6. 10-5 1.7" 10e 1.6" 10e 1.7 -10e

2 a "a, (2"10-) (2-10-6) (5 10 ) (2 10- )b 1.0. 10-6 1.0.10-0 1.4.10-6 1.0.10le
(4.10-7)  (4.10-7)  (8 .1Lr-7)  (3-.10 - 7)

P, 1100 (300) 1000 (300) 1000 (500) 1000 (300)
r2 0.29* 0.26* 0.21* 0.24*a = 1.6 -  1.6"10 1.6"10 -5  1.6" 1V

3 a.a, (2.10) (2.10- e ) (4.10- e ) (2- 104 )
b 1.0. 10-6 1.1 • 1V-  1.4.10le 1.1 • le-

(4" 10-7)  (4" 1- l )  (8". 1L7-7)  (3". 10- 7)

Pa 1000 (300) 1000 (20M 1000 (400) 1000 (200)
0.31 0.29 0.21 0.26

a = 1.6.10 'e 1.6.10-5 1.6. -

4 a. a, (2.10-F) (2.10-'F) (4.10-7) Does not
b 1.0.10e 1.1 • 10 1.4. 10-  converge(4-10-7) (4 -10-F) (8" 10-7)

P, 1000 (200) 1000 (200) 1000 (400)
0.30* 0.24 0.23
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Table A13.
Fitted parameters for autocatalytic Models 4b, 4c.

Standard errors of parameters are in parentheses; italics indicate low confidence
in parameter value. Units are a, b: (Torr min-1, P,: Torr.

Data Parameter
Group 4b All recovery 4c All recovery 4c All recovery

ff Weighted by datum Weighted by datum Weighted by datum
1 a=a.a, 1.4.10-  (2.10) 2.9.10- (410- e )

b 1.0.10_ (2.0 - ) -5147 (2.1F0-
c I Does not converge -1 30 (4.1F)

Pth 230 (70) 200,330
P, 760
-2 0.33 0.30

a =a,'a, 1.4" 10"V (1"1 - I )  1.7"- 1F - l (1"10 - ) 1.35" 10V (8"- 10- 7)
2 b 1.4 104-" (2 10-) -2.8 .10- (3 10-P) 2.3.10-4 (2.10)

c 1.2. 10- (1• 10-) 1.5' 10- (1 • 10-4)
Pth 150 (40) 340 (10) 200, 330
Pa 760 760
r2 0.24 0.17 0.30

a =a -a, 1.4" 10-5 (1"10-4 )' 1 .68"- 10-6 (9- 10- 7) 1.35" 10-5 (9" 10-7)
3 b 1.4 104- (2 10- I) -3.0- l0 (3. 10-) 2.3' 10- (2 10)

c 1.3.10IV (1.-10-4F 1.6 -10V (1.-104)
Pth 150 (40) 340 (10) 200,330
Pa 760 760
_ 0.26 0.31 0.31

a =a, a, 1.32. 10 " (9' 10r) 1.25- 10- (9' 10- ) 2.1 -10e (2 10- )
4 b 1.710- e  (2"1Y-) 1.2"10e  (21 - 7  -3.0" 10 - 8 10V)

c 6_ 6.10-r (2-10-4) 9-10- (210
Pth 110 (40) 120 (36) 200,330
Pa 760 760
_ 2 0.27 0.23 0.28
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Model 5.

Exponential Models

%AVC = -a - F, where

(a, •P 0 2b " 12+ F0, P02 > 0.58 atm
a.F=

Y Fo - [c+gP2is] t P0 2 s 0.58 atm.

(a, PO2b t2+ Fo, P02 > 0.58 atm
b. F=

YFo e-[c+/dur] t P0 2 < 0.58 atm.

(a, (P 0 2 - 0.5)b " 2 +F, P02 > 0.58 atm
c. F=

Y. Fo • e"[c -  (PO2 -0.5) Tdur t PO2 0.58 atm.

(a,PO2btPo +F0  P02 < 0.58 atm
d. F=t

Fo /[1 - c+ g/Tdur) t Fo] P0 2 5 0.58 atm.

(a, (c. PO2)b. tc +F, P02 < 0.58 atm
e. F=

Fo /[1 - (c + g / Tdur)" t Fo], P02 < 0.58 atm.

(a, [(c P0 2 )b-1 / (C P02 + g)] [Tdur2c P02 - TdurlC 9o2 ] + F at Tdurl,
I P02 < 0.58 atm

f. F=
Fe -g 't /Tdur, P0 2 < 0.58 atm.
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Table A14.
Parameters for Exponential Models 5a-e, no recovery, weighted by datum.

Standard errors of parameters are in parentheses.
Model 5a, 5b, 5c: Units are a: (min)-2 , b: dimensionless. Models 5d, 5e:
Parameters are dimensionless.

Data Parameter 5a, 5b: 5c: 5d: 5e:
Group No

Recovery
a = a , a, -2.7.10l -7.35- 10 -5.3.10l -0.011

1 0_.10 -7)  ( -10-7). (2 10"4) (0.003)
b 2.7 ( 0.2) 1.4 (0.2) -7.7 (0.1) -4.6 (0.6)
c 0.56 (0.08)?z  0.41 0.39 0.43 0.46

a-a a,-1.0 - -6O -0.0183 ____(2 1 7) l(7"10-7) 1 (3" 10) (0.006)
b 4.0 (0.1) 2.55 (0.09) -7.25 (0.09) -4.0 (0.5)
c 0.55 (0.07)
_ _ 0.29 0.25 0.22 0.29
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Table A15.
Parameters for integrated Exponential Model 5f, all data.

Standard errors of parameters are in parentheses. All parameters are
dimensionless.

Data Parameter All recovery
Group Weighted by datum

a=a.a, -9.7.10V
(3 10- )

b -4.4 (0.7)
c 0.66 (0.09)
g 0.13 (0.03)
? 0.38

a =a- a -0.03 (0.01)
b -3.2 (0.05)

2 c 0.52 (0.07)
g 0.6 (0.1)
_Z  0.22

a =a, a, -0.03 (0.01)
b -3.4 (0.05)

3 C 0.54 (0.08)
0.6 (0.1)

_Z 0.23
a =a. a -0.21 (0.07)

b -3.9 (0.05)
4 c 0.54 (0.07)

g 10.2 (0.8)
r__ _0.38
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Table A16.
Parameters for Exponential Models 5a-5e, recovery only, weighted by datum.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter value. Model 5a: Units are c. (min)- ', g. (min atm) - 1. Model 5b:
Units are c. (min) - ', g. dimensionless. Model 5. Units are c. (min) - ', g. (atm)-1.
Models 5d, 5e: Second-order recovery. Units are c. (min) - ', g. dimensionless.

Data Parameter M l5aFModel5b Model 5c 1eModels 5d,
Group I I____5e

1 Not enough recovery data

2 c -2.6 104  -3.8 - 10-4  -4.610-4  -2.2 10-5
(32 10- (4 10- 5) (4 10-5) (3- 10-)4)

g 2.6104 1.7 .5.5 0.09
__ 0.42 0.41 0.57 0.46

3 c - 1 -3.8 10-4 -4.610-4 -2.210--4(5- 10-4) (4 10-5) (4 .- ) (3 1 0-_
g 4.010V 1.7 5.5 0.09( 5-10-4) J0.2) (0.5) (0.01)

0.49 0.41 0.57 0.46
4 c -4.0 1V -3.7 10-4 -7 " le -7.2 10-b

(4-10-4)  (3 10-5) (6 - 1 ) (3" -l e )

g 3.7- 1V-  1.7 (0.1) 5.2 0.264
(3 10-4) ______(0.5) (0.009).
0.57 0.50 0.50 0.36
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Model 6. Sigmoidal Dose Response Models.

a. The Hill equation, scaled by parameter g, with Ffrom Model 3 as the dose:

%AVC = [F"/ (F+ ab)],

where F= (Po2 / c)- (1-e - (c" - ) + F" e-(c .

b. The scaled Hill equation here has its dose given as the integral of the
difference of P02 from a threshold, the cumulative dose model:

IntO2 = J( P0 2 - Pth) dt, integrating from time = 0 to time = t

( IntO, IntO2 > 0
Dose =

KW, IntO2 < 0

%AVC = -g [doseb / (doseb + a)]

%AVC = -g [dosebl (dose b + a)]

c. The scaled Hill equation here has the dose given as the integral of the
difference of P0 2 from a P02 threshold greater than threshold, but only
exponential healing applies when P02 is less than threshold:

(-g [doseb / (doseb + a")], P02 > Pth
%AVC='

K (%AVC) 0 • e- c 0, P0 2 < P.
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Table A17.
Fitted parameters for Sigmoidal Model 6a with g = 100, weighted by datum.

Standard errors of parameters are in parentheses. Units are a: Torr. min, b:
dimensionless, c. (min) -1 .

Data Parameter No recovery Recovery to 8 hr All recovery
Group

a 2.7.106 (3.10) 4.2.106 (510 )

b 1.4 (0.1) 1.3 (0.1)c 4.8.10-4 (6.1- l 2.5.1- 1 4" 0IIV

fz  0.45 0.38
a 2.1 10r (3-100) 2.3. 106 (37105) 2.2. 10" (3. 105)

2 b 1.5 (0.1) 1.5 (0.1)
c 6.6" 10V (8"10V) 6.3"1V (7"10-) 6.5"10-4 (7"10- )
tz  0.29 0.26 0.24
a 1.9-106 (3.106) 1.9.106 (3-105) 2.0-106 (3105)

3 b 1.4 (0.1) 1.4 (0.1 1.3 (0.1)C 1.0"- 10--j 1 "1- i )  9. 10-4 1"_ 10-4/  1' 10 iv . 1- 1

_ _ 0.30 0.28 0.24
a 2.2 106 (3-105) 2.1 106 (2. 106) 1.8.106 (1.105)

4 b 1.5 (0.1) 1.8 (0.1) 1.9 (0.1)
c 6.4 10V (7-"10) 4.8" 10V (5"10 ") 6.0-10-4 (4 10-)
_ 0.30 0.26 0.27
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Table Al 8.
Fitted parameters for Sigmoidal Model 6a with g fitted.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter values. Units are a: Torr- min, b: dimensionless, c. (min)-1 , g
dimensionless.
Data Parameter No recovery Recovery to 8 hr All recovery

Groupd Jweighted by weighted by
datum Weighted by Weig wd by datum

datum I subject
- Did not fit - scaling parameter | reached upper limit.

a 3.7- 105 3.8.105 3.1 • 10" 3.7.105
2 (3.104) j3"04 (4"104) (3" 104)

b 5 (1) 4 (1) 6 (3) 3.9 (0.9)
c 7.8" 1 7.6" 10V 1.1 • 10-u  8.0 10

(9" 1-5e) (9" 10-5) (3" 10- 4 ) (9" 10 - 5)
g 15 (1) 16 (2) 14 (2) 16 (2)
,__ 0.29 0.26 0.21 0.23
a 3.1 - 10* 3.1 •105 3.1 •10 3.0- 105

3(2 104) (2" 10 4 )  (4"104) (2" 10 4 )

b 6 (1) 6 M 7 4 4 (1)
c 1.0- 10V 1.0-10 1.1 10 1.0- 10-

(1_10-4) (1 10-4) (3"10-4) (1. 10-4)
g 15.0 (0.9) 15 (1) 14 (2) 15 (1)
___ 0.32 0.29 0.21 0.25
a 3.8•105 No 3.2•105 6.0•105

4 (3" 104) confidence in (4. 104 ) (8" 104)
b 4 (1) parameters 5 (3) 3.1 (0.5)
c 7.6.10V a or g. 9.10 5.8 -1

(9.1075) Fitted g (3-10-4) (5-10-5 )
g 116 (27) equals its 14 (2) 22 (5)
__ _ 0.30 upper limit. 0.23 0.28
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Table A19.
Fitted parameters for Sigmoidal Model 6b, g = 100.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter values. Units are a, b. dimensionless, Pth: Torr.

Data Parameter No recovery 8 hr recovery All recovery
Group weighted by weighted bydatum datum weighted by weighted by

I datum datum datum subject

a 7.106 8-106 8.101 8.10u
1 (2.106) (2.106) (2.106) (5.106)

b 0.9 (0.1) 0.85 (0.09) 0.9 (0.1) 0.9 (0.2)
Pt 270 (20) 280 (20) 270 (10) 290 (20)
r_ 0.46 0.46 0.39 0.25

2 a 1.6- 10f 1.6.107 6" 106 3-106
(8" 106) (5" 106) (1 .106) (1 .107)

b 0.70 (0.07) 0.71 (0.08) 0.93 (0.09) 1.2 (0.3)
Pth 110 (60) 184 (3) 330 (10) 410 (50)
r_ 0.11 0.22 0.26 0.21

3 a 1.2- 10f 1.310 7- 106 3.106
(4 106) (4- 106) (1 . 106) (1 . 106)

b 0.70 (0.08) 0.70 (0.08) 0.86 (0.09) 1.2 (0.3)
Pth 230 (50) 220 (50) 320 (20) 410 (50)

_ _ 0.28 0.24 0.27 0.22
4 a 6" 106 4.2.106 1.6.107 4.5.10

(1 .106) (6" 106) (4" 106) (2" 106)
b 0.87 (0.09) 1.11 (0.08) 0.68 (0.05) 0.9 (0.2)

Pt 340 (30) 320 (10) 330 (10) 390 (50)
0.32 0.28 0.25 0.24
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Table A20.
Fitted parameters for Sigmoidal Model 6c, g = 100.

Units are a: Torr.- min, b: dimensionless, c- (min) -1, Pth: Torr. Standard errors of
parameters are in parentheses. Italics indicate low confidence in parameter
values.

Data Parameter Recovery to 8 hr All recovery
Group weighted by weighted by weighted by

datum datum subject
a 8-10" (2.10") 7- 0 (4. 10')

1 b Too few recovery 0.8 (0.1) 0.9 (0.2)
c data 2.2.10-4 (3.1V- ) 1.3.10-4 (6.10)

Pth 270 (20) 290 (20)
,_ _0.39 0.25

2 a 5.106 (1-106) 5.1.106 (9.105) 4. 10 (2. 10)
b 0.92 (0.09) 0.94 (0.09) 1.0 (0.2)
c 6.10V (3.10V) 8 10V (1"10V) 1.3.10V (410-4)

Pth 332 (0) 332 (O 390 (60)
i_ 0.28 0.26 0.22

3 a 5.8' 106 (1" 106) 5"106 (1 -106) 3 10" (2-106)
b 0.85 (0.09) 0.88 (0.09) 1.0 (0.2)
c 8 10V (3"10V) 9 10- . (1"10-4) 1.3-10V (4-10-4)
Pth 332 (0) 332 _(0 400 (60)

_ _ 0.31 0.28 0.24
4 a 3.8.106 (5.105) 3.6.106 (4.105) 5.106 (2-106)

b 1.15 (0.08) 1.18 (0.07) 0.9 (0.2)

c 7.9-10V (3.10V) 1.1 10V (1"10-4) 1.1 10 (4"10-4)
Pth 320 (10) 320 (10) 332 MO)

_ _0.28 0.30 0.25
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Model 8. Injury-Memory Model.

%AVC = a b-2 . (P02- Pth) "[e-(b "  e- b " - t,,)]]

+ a- U-1 memory- (P02 - Pt) + /o"'b-1 • [e' b -e[b(tt,,)]].

Table A21.
Fitted parameters for Injury-Memory Model 8.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter value. Units are a: (Torr min) -1 , b: (min) - ', Pth: Torr, tmem: hours.

Data Param No recovery > Recovery to 8 hr All
Group 0.5 hr Weighted Weighted recovery

weighted by by datum by subject weighted by
datum datum

a -1.7.10 - 5 -1.7.10 -1.5.10 -5  -1.7 10-5I . 0 1 " 1 0 -) 01 " 107-6) (03 le (0  1 " I0e)

1 b 3.0-10 2.9 10V 4" 2.3"10 4

-9"10-5 (9"10 -2"10 -4)  (3 -  )

Pth 170 (10) 170 (10) 160 (20) 170 (10)
t... 3 3 3 3

2 0.47 0.46 0.21 0.39
a -2.8 10- 5 -2.9104 -3.710- -3.0- 10-5

1 (2" 10'e )  (2" 1- l )  (6" 10- 6)  (2" 10e )

2 b 7.9•1 9.1. 10 1.8 10V 1.0"10 -3
(1". 10-4) (1 • 10-4) (4" 10-4) (1 •.10-4)

Pth 170 (20) 160 (20) 200 (100) 140 (30)
tmrm 3 3 3 3

0.28 0.24 0.20 0.20
a -3.0.10-  -2.9.107 -3.4-10 -  .0.10-
b 3 1 (2-  10 )  (2 10" ) (5 10'  (2 1- )

3 b 3.6 1 9.2.10- 1.7.10 -3 1.1 • 10
(1 .10-4) (1 -10- 4 ) (4-10-4) (1 .10-4)

Pth 340 (20) 160 (20) 140 (30) 140 (30)
tmer 3 3 83 3

r7 0.33 0.27 0.21 0.23
a -2.9.10 -5 -2.8.10 -3.1.10 -2.9.10

__ _ (2.10-) (2.104 )  (5 -106 )  (2-10-")

4 b 3.3• 10 3.9.10 7.4.1F 1.2.10V(9 1 --5)  (1 .10-4) (4 10-4)  (1 .10-4)

Pth 340 (20) 320 (20) 270 (50) 110 (20)
tmem 3 3 3 3

r____ 0.30 0.23 0.22 0.22
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Model 9. Delayed Inflammation Model
a. With instantaneous P0 2.
b. With average P0 2 for a time period.
c. With average P0 2 but no inflammation.

Table A22.
Fitted parameters for two-step models, Models 9a and 9b, and for 9c, the
averaged P0 2 model. (See the simple proportional healing Model 3a for
comparison.) All recovery data used, weighted by datum.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter value. Units are a: (Torr • min)-'; b: min-1 ; Pth: Torr; K (inflammatory
gain): dimensionless; Tjo, rid: hr; tavg: min.

Data Inflammation Inflammation Averaging,
Group Param and Averaging No Inflammation

(Model 9a) (Model 9b) (Model 9c)
Weighted by datum Weighted by datum Weighted by datum

2 is not increased by inflammatory component or by averaging.

Model 9 reduces to Model 3a. f2 = 0.39

a 2.52. i10-  (2 10-7) 2.54" 10 (2-10- 7)  2.6" 10- 5 (2 10-6)
b 7.7"10 -  (1.10V) 9.5" 10V (2 10 V) 6.2" 10-0 (9"10-)

Pth 197 (5) 146 250 (30)
2 K 1.7. 102 (8"104 ) 2.1•10 (8 10)

(Model Tio 8 8 None
3a: Tid 36 36
r2 = tap None 300 300

0.21) _2 0.21 0.22 0.22
a 2.47-10 - (2"10- ) 2.56" le " (2"10V) 2.6 10-  (2"10V)
b 8.9-10 -  (110 - - ) 9.6-104 (2 10 ) 6.2.10 (1.10-4)

3 Pt, 148 (3) 144 (3) 250 (40)
(Model K 2.1-10 (8"10 V) 2.1" 107 (8"10)

3a: TO 8 8 None
1,2 =  TO 36 36

0.24) tavC None 300 300
r2 

_ 0.25 0.23 0.23
a 2.54.10-'  210- ) 2.61.104 (2.10-7) 2.5 10 1 - )
b 1.15.10 -V 2.0 1.16.-10V (2. 10) 9.6.10- 9 10-V)

Pth 110 (4) 117 (3) 120 (20)
4 K 2.7. 10-2 (7 10) 2.7.102 (7.10V)

(Model TIo_ 8 8 None
3a: Tid 36 36
2 = tav None 300 300

0.22 ) , v 0.24 0.26 0.25
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Table A23.
Fitted parameters for two-step models, Models 9a and 9b, and for 9c, the
averaged P02 model. (See the simple proportional healing Model 3a for
comparison.) Up to 8 hours' recovery, weighted by datum.

Standard errors of parameters are in parentheses. Italics indicate low confidence
in parameter value. Units are a: (Torr • min)-'; b: min-1 ; Pth: Torr; K (inflammatory
gain): dimensionless; Tio, Tid: hr; tavg: min.

Data Inflammation Inflammation Averaging,
Group Param 8 hr and Averaging No Inflammation

(Model 9a) (Model 9b) (Model 9c)
Weighted by datum Weighted by datum Weighted by datum

r2 is not increased by inflammatory component or by averaging.
1 Model 9 reduces to Model 3a.

?2 = 0.4,6

a 2.45 10-5 (2 10- ) 2.51 10-5 (2.10- 7  2.5-10 -e (2 -10-)b 2.7- 1V-  (1-10) 3.0.-1V- (1.1 - I ) 2.7.-10-' (1.-105
Pth 324 (2) 325 (3) 330 (20)

2 K 2" 1V (9"10-3) 5" 10 (9.10-3)
(Model 3a: TI 8 8 None12=0.26) Tid 36 36

tava None 300 300
r2  0.25 0.26 0.26

a 2.49.10 (2.1r ) 2.52.10- (2.10- 7) 2.5.- 10 - )

b 2.9.10 (1.10- ) 3.0.10-4 (1.10 - ) 2.7.10 (1.10
3 Pth 323 (3) 325 (3) 330 (20)(Model 3a: K 64

1= 0.29) K 6" 1V (9"1V) 4.10 -  (9.10 )
TI_ 8 8 None
Ti 36 36

tav None 300 300
1
2  0.29 0.27 0.27
a 2. 40.10 )210- 2.46 10- (2 .1-1) 2.4.10 (2"10)
b 2.5.10V (1 10) 2.8.10 (110- ) 2.510 (910-5)

Pth 323 (3) 323 (3) 330 (20)
4 K 1.10V  (9" 1C) 5" 10 (9- 103 )

(Model 3a: TIO 8 8 None
T0.24) Ti 36 36

tav None 300 300
r2  0.24 0.27 0.27
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