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INTRODUCTION

It has often been assumed that moderate de-
grees of hypoxia render the capillaries abnormally
permeable to fluid and protein. During the course
of work concerned with methods of insuring pilot
survival at altitudes above 45,000 ft., it became
desirable to know the degree and duration of
anoxic anoxia that could be tolerated before per-
meability changes of the capillary bed occurred.
The studies of Landis ( 1 ) have demonstrated
that complete ischemic anoxia of 3 minutes' dura-
tion will cause temporary damage to the capil-
laries of the frog's mesentery and result in ab-
normal permeability to fluid and protein. Pochin
(2) working with the rabbit's ear has found that
complete occlusion of the circulation for 2 hours
will lead to demonstrable edema following re-
establishment of the circulation. He also showed
that 16 to 18 hours of occlusion resulted in edema
fluid containing approximately 5 grams per cent
of protein. Calvin (3) has found that during the
terminal stages of fatal asphyxia there is evidence
of a marked loss of protein and of the protein-
attached dye T 1824 from the capillary bed.

These experiments involved very intense anoxia
and on turning to work done under less severe
conditions the results are seen to be less conclu-
sive. Thus Calvin (3) and also Hopps and
Lewis (4) found no change in the rate of filtra-
tion of plasma protein and of the dye T 1824 in
the course of severe but non-fatal anoxia. On
the other hand Maurer (5) and Warren and
Drinker (6) have shown that, in the dog, the
flow of cervical and lung lymph increases during
severe but non-fatal anoxic anoxia. However

1 This work was supported in part by the AAF Aero
Medical Laboratory, Air Materiel Command, Wright
Field.

the percentage of protein in this lymph decreases
with the increased flow and the results do not
unequivocally demonstrate an increase in capillary
permeability as a result of the acute anoxia. Ob-
servations concerning the influence of anoxia have
been made in humans. McMichael and Morris
(7) have used nitrogen-oxygen gas mixtures of
an oxygen percentage (9.5 per cent) that would
induce approximately 65 per cent arterial hemo-
globin saturation. They found no increase in the
rate of swelling of the congested arm. Their
results suggested that the permeability of the arm
capillaries to fluid is unchanged by anoxia.
However, the technique employed did not give
them any information on the concentration of the
protein in the filtrate and their report is in ab-
stract form only. Another study is that by Stead
and Warren (8) who have estimated the protein
content of the edema fluid in 2 emphysematous
patients whose arterial oxygen saturation was 50
to 60 per cent. They found no significant change
from the normal figure of 0.25 gram per cent or
less and concluded that this degree of chronic
anoxia had not increased the permeability of the
capillaries of the limbs. In an earlier report (9)
the authors found no significant change in fluid
or protein loss from the capillaries of the forearm
when under the influence of acute anoxia.2 The
following paper confirms these results and ex-
tends them to an estimation of the approximate
oxygen tension at which a significant increase in
protein filtration from the capillary bed occurs.

2 A systematic error which does not however invalidate
the conclusions drawn has been detected in the calcula-
tion of the protein data presented in this report to the
CAMof the OSRDand summarized in the Fed. Proc.,
1946, 5, 44. The corrected figures for the calculated
protein in the filtrate are 1.5 grams + 1.5 grams per cent
when anoxic and 1.2 grams + 0.5 gram per cent when at
sea level.
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METHODOF APPROACH

The best measure of the permeability of the
capillary wall would be a direct determination of
the concentration of protein in the capillary fil-
trate (10). A significant increase in this con-

centration over the normal near zero (0.2 to 0.3
gram per cent) values found in the limb may be
regarded as evidence of a change in the per-

meability of the wall (1, 8). Failing a direct
determination an estimate of this measure was

made by Landis et al (11) in their experiments,
using various degrees of venous congestion sup-

plied by the blood pressure cuff. The congestion
cuff causes a marked slowing of blood flow with-
out stopping it when the venous pressure imposed
by it (60 or 80 mm. Hg) is less than the arterial
blood pressure. The increased filtration pressure

of the slowly flowing blood results in a loss of
fluid into the tissues. Comparison of the hemato-
crit values shown by the blood in the median
antecubital vein of the congested arm with that
in the uncongested control arm permits an esti-
mation of the fluid loss in ml. per 100 ml. of the
blood flowing through the congested arm. These
investigators have devised a formula by which
they can calculate the percentage of protein in the
capillary filtrate from observations on the relative
changes in hematocrit values and plasma protein
levels in the blood from the control and congested
arms. In such studies on the human arm, they
have observed a calculated protein in the capil-
lary filtrate at a congestion pressure of 80 mm.

Hg of approximately 1.5 grams per cent. This
procedure produces the double effect of an in-
crease of the hydrostatic pressure in the capil-
laries and an ischemic anoxia due to slowing of
the blood flow through the vessels. It has been
pointed out (11) that if it were possible to be
sure that the high pressure in the congested capil-
lary bed was not directly responsible for this ab-
normally high content of protein in the filtrate,
then the experiment would provide evidence of
the effect of ischemic anoxia on capillary per-

meability. Kunkel, Stead and Weiss (12), and
more recently Allen et al (13) have shown that
adrenalin injections will lead to a marked in-
crease in .the amount of blood flowing through a

limb. If this increase in blood flow is enough to
effectively eliminate the ischemic anoxia resulting

from a congestive cuff then it should be possible
to eliminate the protein loss in a congested arm
by increasing the blood flow through it by the
use of adrenalin. If the protein loss is eliminated
in spite of the use of cuff pressures of 80 mm. Hg
then it can be assumed that such pressures have
little effect on the permeability of the blood ves-
sels. Another method of dissociating the effects
of pressure from those of anoxia would be to de-
crease the venous oxygen tension while keeping
the capillary pressure constant. This could be
accomplished by exposing the subject to a low-
ered alveolar oxygen tension at a cuff pressure at
which the protein in the filtrate was at the upper
limit of the normal values. Reduction of the
arterial oxygen saturation to 60 to 70 per cent
would cause a considerable fall in the mean capil-
lary oxygen tension. This fall should increase
the protein in the capillary filtrate if permeability
is significantly affected by changes in oxygen ten-
sion. Since the oxygen tension is lowest at the
venous end of the capillary, the oxygen content
of the venous blood should be a measure of the
oxygen tension in that part of the capillary bed
which is exposed to the most severe anoxia. If
the content of protein in the filtrate is a measure
of the permeability of the capillary wall and if this
permeability is affected by the oxgen tension,
then it should be possible to demonstrate a corre-
lation between the oxygen content of the venous
blood from the congested arm and the concentra-
tion of protein in the capillary filtrate.

METHODS

The subjects employed were chosen for their familiarity
with experimental procedures and the majority of the
tests were performed on only 3 persons. These were
in good health and of an active habitus. The 2 sub-
jects employed for the altitude studies showed no gross
vasomotor disturbances with acute anoxic anoxia. There
was no significant change in blood pressure, pulse or
respiration rate with reduction of the arterial oxygen
saturation to values of the order of 60 pir cent for pe-
riods of 30 minutes. It was hoped that by employing re-
peated tests on a few well-trained subjects it would be
possible to decrease the inherent differences between vari-
ous subjects and the variations due to fluctuations of sub-
ject response.

Adrenalin hypertension was obtained by the intra-
muscular administration to the recumbent subjects of
6/10 ml. of 1/500 adrenalin in peanut oil followed in 15
minutes by 1/10 ml. doses of 1/1000 adrenalin subcutane-
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CAPILLARY PERMEABILITY

ously in sufficient number to maintain the blood pressure
20 to 40 mm. Hg above the normal resting level for the
subject. In the subjects employed this meant that the
systolic blood pressure was maintained at 140 to 160 mm.

Hg for the 30 minutes of 80 mm. Hg cuff application.
During the altitude tests each subject rested for 30

minutes before putting on the cuff at 60 mm. Hg for 30
minutes. The temperature of the chamber in which the
tests were conducted was uniform. However, no readings
of skin temperature were made and it is thought that
some of the variations in the results noted may have been
due to minor changes in the condition of the skin and
deep circulation from day to day as the tests progressed.
The same arm was always used for congestion in order
to decrease experimental variations.

Bloods were collected with 0.1 ml. of liquid heparin
in 10-ml. syringes and immediately set up in duplicate
in Wintrobe hematocrit tubes. Duplicate hemoglobins
were estimated using the acid hematin technique. R.B.C.
volume was obtained by correcting the hematocrit read-
ings by a factor of 8.5 per cent for fluid trapped between
the cells (14). Plasma protein concentrations were de-
termined in duplicate using the falling drop technique.
Venous oxygen content and saturations together with
venous carbon dioxide contents were determined in du-
plicate by Van Slyke blood gas analysis in a number of
the tests using 60 mm. Hg congestion and anoxia and
in all those using 80 mm. Hg congestion with adrenalin
hypertension.

Anoxia involving 55 to 65 per cent saturation of the
arterial blood was obtained by ascent in a decompression
chamber to a simulated altitude of 19,000 to 20,000 ft.
The subjects were relaxed and dozed in a recumbent
posture on a couch. Respiratory rate, blood pressure and
pulse were checked every 5 minutes and the oxygen
saturation followed throughout by a Millikan compensated
oximeter. Contamination of the altitude chamber at-
mosphere by oxygen was avoided by using an oxygen
mask with an exhalation valve which was connected to
a tube venting directly into the chamber exhaust. The
oxygen saturation, rarely higher than 65 per cent, was

maintained at 60 per cent and frequently fell to 55 per
cent.

Calculations
The equations used to determine the per cent protein in

the filtrate were those developed by Landis et al (10).
As they have pointed out (10, 11) these equations be-
come less accurate with lower degrees of fluid and pro-
tein loss. In order to assess the variability introduced
by these calculations of protein in the filtrate, the stand-
ard errors of the hematocrit and protein readings were
determined. These were found by making repeated
measurements of the same sample. They were + 0.2
per cent for the hematocrits and + 0.06 gram per cent
for the plasma proteins. These values were inserted into
the equations and the maximum positive and negative
deviations were calculated for each set of experimental
data. In Figure 1 such values obtained for each experi-

ment have been plotted against the product of the hemat-
ocrit and protein differences, yielding a parameter which
indicates in part at least the variability to be anticipated
in the protein in the filtrate. If the product (Ht2- HtJ)
(Pr, - PrJ) is small, a condition which would be associ-
ated either with a low fluid loss and usually small protein
leakage or both, then the variability is great. High values
show an increased accuracy. Inspection of Figure 1
also reveals a negative bias which is largest at the lowest
values of protein change and fluid loss.

In a considerable proportion of the experiments the
calculations yield negative values for protein concentra-
tion in the filtrate. Such negative values might result
from a failure to take account of unrecognised physio-
logical variables. Alternatively, in view of the large
random error and more especially of the negative bias
introduced by the equation, the values obtained could
be the result of the mathematical skewing of the formula
with consequent negative bias noted above.

RESULTS

1. Adrenalin hypertension. In Table I are pre-
sented the results of 8 cuff experiments on 3

TABLE I

Fluid loss and per cent protein in filtrate with 80 mm. Hg
congestion (controls)

Fluid Fluid Proti Satra
SbetHem- loss loss Pro- rein tion osubject atocrit (hem- (hemo- tein in venous

atocrit) globin) blotrate lod

ml. per 100 ml. grams per cent
5c 43.4 5.6 3.9 6.55 +1.5

45.8 7.10

Sd 41.9 10.9 8.6 6.19 +1.0 21.6
46.9 7.37

Se 40.7 11.7 10.7 5.76 + 1.0 21.3
46.1 6.93

7q 41.3 12.6 18.2 6.76 +3.0 18.9
47.2 7.79

7r 42.8 18.9 19.1 6.11 +0.5 19.1
52.7 8.88

7s 43.0 18.3 17.5 5.90 +0.1 15.6
52.6 8.66

6j 39.5 9.4 6.6 5.97 -1.1 18.2
43.5 7.27

6k 39.6 20.1 17.0 6.14 +2.8 16.9
49.6 7.82

61 41.0 13.2 13.9 5.80 -1.6 12.1
47.2 7.92

Average 13.4 12.8 +0.8 18.0
Standard devia- 4:1.7 :411.8 40.5

tion of mean
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subjects using a cuff at 80 mm. Hg for 30 min-
utes. There is fair agreement between the mean
values for the fluid loss as calculated from the
changes in the hematocrit, 13.4 ± 1.7 ml. per
100 ml., and those calculated from the hemo-
globin values, i.e., 12.8 ± 1.8 ml. per 100 ml.
This suggests that no significant changes in cell
volume occur as a result of the stasis induced
by the cuff experiment, for such changes would
affect only the hematocrit values (10). The
marked individual variations from experiment to
experiment may be in part attributed to changes
in rate of forearm blood flow due to differences
in temperature, activity and other variables. At-
tempts to obtain more reliable figures by using an
indwelling needle in the radial artery (15) as a
source of the control blood led to no improve-
ment. However, it is of interest that in their
original series of 5 experiments using 80 mm. Hg
cuff pressure, Landis, et al obtained a mean fluid
loss figure of 15.0 ml. per 100 ml. This com-
pares favorably with the above values.

In Table II are seen the data obtained from

TABLE II

Fluid loss and per cent protein in filtrate with 80 mm. Hg
congestion (adrenalin hypertension)

Fluid Fluid Protein Satura-
Subject Hem- loss loss Pro- in tion of

atocrit (hem- (hem|q- tein filtrate venous
atocrit) globin) iftae blood

ml. per 100 ml. grams per cent
5f 40.1 4.9 3.9 5.42 -3.0 24.3

42.1 6.17

5g 40.0 9.2 10.4 5.97 -0.1 27.8
44.0 7.07

7t 44.2 6.8 4.8 6.17 -1.5 42.3
47.4 7.24

7u 44.2 8.5 7.0 6.35 -0.5 35.4
48.3 7.58

7v 44.8 3.6 4.9 6.52 -0.8 51.9
46.5 7.03

6m 42.8 5.1 5.2 6.48 +0.9 19.5
45.2 7.03

6n 43.5 8.1 7.9 6.93 -0.8 14.3
47.2 8.23

6o 42.5 7.9 8.9 5.93 -2.5 28.4
46.2 7.27

Average 6.0 6.6 -1.0 30.5
Standard devia- 40.6 40.8 i0.3

tion of mean

the same number of experiments on the same 3
subjects performed in the same way except that
a hypertension of 140 to 160 mm. Hg was main-
tained throughout the ½-hour period of cuff ap-
plication. The fluid loss figures show good con-
cordance between the hemoglobin and hematocrit
values. The values of 6.0 ± 0.6 and 6.6 + 0.8
ml. per 100 ml., respectively, are almost exactly
1/2 those obtained for the normal controls. This
is interesting in view of the observation by Allen
et al (13) that adrenalin administration can double
blood flow through the uncongested arm. For if
the blood flow rate were doubled and other fac-
tors such as tissue pressure remained relatively
unchanged then the fluid loss per 100 ml. blood
should be decreased in the same proportion.

It might be expected that the A-V 02 differ-
ence would be greatly decreased if such a change
in flow rate had occurred. In practice the mean
venous oxygen saturation rose from 18.0 per cent
to 30.5 per cent. It is of interest that numbness,
tingling and eventual loss of sensation to light
touch developed in the congested arms in the
controls. Such symptoms never occurred at 80
mm. Hg cuff pressure in the cases with adrenalin
hypertension. This suggests that the blood flow
under these conditions is adequate to maintain
normal metabolism but that the reduced flow in
the absence of hypertension is insufficient to do
so. It may be noted that Griffith, et al (16) point
out that it is probable that adrenalin has no
significant effect on tissue oxygen utilization.
Therefore the rise in oxygen saturation following
its use is probably not due to a decrease in tissue
metabolism.

The change in the average protein percentage
in the filtrate from + 0.8 + 0.5 gram per cent to
a mean value of - 1.0 ± 0.3 grams per cent as a
result of the use of adrenalin is significant. It is
not probable that the percentage of protein in the
filtrate would change with changes in the rate of
flow of the plasma past the filtering area. It
would seem likely that the increase in mean venous
oxygen saturation has had some part to play in
the decrease in protein in the filtrate. The nega-
tive mean value for the protein figures can be
explained by the bias of the expression for protein
in the filtrate to negative values by the random
errors of sampling and estimation. As has been
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pointed 'out under calculations (Figure 1) this
error is greater in the case of the adrenalin ex-

perinments in which the fluid loss is small than in
those where these changes are larger, as in the
control experiments. It is not certain, however,
whether there may not also be some undeter-
mined variable which may account in part for the
high negative values found in the adrenalin ex-

periments.
The object of the adrenalin tests was to de-

crease the ischemic anoxia while keeping the
capillary pressure constant. Since the protein in
the filtrate decreased under these circumstances

the possibility that the high intracapillary pres-

sure was responsible for the increased filtration of
protein in the 80 mm. Hg cuff without adrenalin
can be considered small. This leaves ischemic
anoxia as the most probable factor responsible
for the permeability changes.

2. Anoxia. In Tables III and IV are pre-

sented a series of 23 control, sea level, 60 mm.

Hg cuffs on 7 subjects, and 12 altitude experi-
ments using 2 subjects. The mean sea level fluid
loss of 7.6 ml. per 100 ml. + 0.5 ml., as calcu-
lated from the hematocrit values, was again close
enough to that calculated from the hemoglobins

1123
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TABLE III

Fluid loss dnd per cent protein in filtrate with 60 mm. Hg
congestion (controls)

Fluid Fluid Protein Satura-
SbetHem - loss les Prtin i tion ofSubject atocrit (hem- (hemo- fin in venous

atocrit) globin) Itrate blood

ml. per 100 ml. grams per cent
la 40.4/43.2 5.9 8.5 7.05/8.10 -2.5
lb 41.4/43.8 4.5 5.1 7.30/8.03 -1.5
Ic 40.7/42.5 4.3 1.5 6.88/7.23 +2.5
2a 38.6/42.4 9.1 6.7 6.94/8.10 +0.3
2b 39.3/43.0 8.7 7.4 6.68/7.75 +0.3
3a 38.3/41.2 7.1 4.0 6.50/7.03 +2.4
3b 41.7/43.4 3.6 3.0 6.90/7.30 +0.8
4a 43.0/45.7 5.8 6.46/7.28 -0.7
5a 42.8/45.9 6.8 2.0 6.04/6.79 +0.5 28.7
5b 41.0/43.0 4.7 6.3 5.52/6.11 -1.3 33.5
6a 41.5/47.1 12.0 12.1 6.48/7.31 +3.3 13.3
6b 40.9/43.6 6.1 9.6 6.17/6.86 +0.2 17.2
6c 41.2/45.7 10.0 9.4 6.04/6.83 +2.2 23.0
7a 42.5/46.7 8.8 13.9 6.27/7.28 +0.6
7b 42.1/47.0 10.5 12.4 6.53/7.75 + 1.0
7c 44.2/48.2 8.4 3.1 6.45/7.61 -0.1
7d 46.2/49.8 7.3 6.14/7.34 -1.5
7e 46.0/48.6 5.3 5.1 7.00/7.51 +2.3
7f 41.5/44.7 7.4 6.9 6.07/7.03 -0.6
7g 42.4/47.1 10.1 20.3 6.55/7.65 +1.4
7 41.4/46.3 10.7 12.6 5.83/7.44 -1.4 25.7
7i 42.5/47.1 9.7 13.2 5.52/6.79 -0.7 43.1
6d 39.5/42.6 7.3 9.9 6.14/6.72 +1.9

Average 7.6 8.2 +0.4
Standard devia- -40.5 411.1 :1:0.3 26.4

tion of mean

of 8.2 ml. per 100 ml. 1.1 ml. to suggest that
there is no significant change in red cell volume
during the stasis induced by the cuff.

The mean venous oxygen saturation during the
altitude experiments was 26.4 per cent. The arte-
rial oxygen saturation was maintained at 55 to 65
per cent throughout the period of cuff applica-
tion. The oxygen tension along the entire capil-
lary was therefore much less than its normal
value. On the other hand, in the subjects em-

ployed, repeated checks of systolic blood pressure

during the course of the cuff application at alti-
tude showed no significant change. The absence
of a' significant change in the mean fluid loss when
using anoxia (7.9 ml. per 100 ml. at sea level
and 6.3 ml. per 100 ml. at altitude) contrasts
with the marked change found in the experi-
ments with adrenalin. It suggests that the pres-

sure in the capillaries and the rate of blood flow
through the forearm were not significantly af-
fected during these latter tests. The changes
found in the percentage of protein in the filtrate
can therefore be attributed to the reduction in

oxygen tension of the blood in the vessels. The
difference between the mean value of 1.2 + 0.4
grams per cent obtained during the tests at alti-
tude when contrasted with that of 0.4 + 0.3
gram per cent for the controls, represents a defi-
nite increase in protein in the filtrate as a result
of the change in venous oxygen saturation from
the mean of 26.4 per cent at sea level to 11.4 per

cent at altitude.
In Table V the evidence obtained from the

2 sets of experiments is summarized. When the
data from the altitude work are considered in
conjunction with the evidence obtained in the ad-
renalin studies a picture is obtained which sug-

gests that anoxia has some effect upon capillary

TABLE IV

Fluid loss and per cent protein in filtrate with 60 mm. Hg
congestion (arterial saturation 55 to 65 per cent)

Fluid Fluid Prti Satura-
Hem- loss loss Pro- protein tion of

Subj ectatocrit (hem- (hemo- tein filt venous
atocrit) globin) rate blood

"n. per 100 ml. grams per cent
7j 47.2 5.6 5.6 6.83 +1.9

49.4 7.41

7k 48.8 5.7 6.3 6.96 +0.7
51.7 7.75

71 44.2 9.2 6.4 6.79 +0.4
48.6 8.06

7m 43.6 8.3 11.0 7.34 +1.8
47.6 8.30

7n 43.8 6.5 8.1 6.21 +2.3 11.7
46.8 6.72

7o 45.7 6.0 3.2 6.04 +2.2 13.0
48.7 6.52

6e 41.4 7.0 3.9 6.41 -1.5
44.5 7.48

6f 38.6 7.9 5.4 6.07 +2.8
41.9 6.55

6g 42.8 9.6 9.7 5.80 +0.4 11.0
47.5 6.89

6h 42.7 9.9 8.2 6.04 +1.2 8.9
47.4 7.10

7p 44.9 2.0 0.6 7.00 +3.6 14.8
45.8 7.13

6i 41.5 2.4 0.8 5.48 - 1.0 9.2
42.5 5.76

Average 6.7 5.8 +1.2 11.4
Standard devia- :4-0.7 :1:1.0 :10.4

tion of mean
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TABLE V

Summary of changes obtained in fluid loss and per cent protein in the filtrate when anoxia is added to a 60 mm. Hg
congestion and adrenalin hypertension to an 80 mm. Hg congestion experiment

Values based on changes in * Values based on changes in

Hematocrits j Hemoglobins Hematocrits Hemoglobins

60 mm. Hg controls (23 expts.) 60 mm. Hg with anoxia (12 expts.)
Mean fluid loss 7.6 ml. per 100 ml. 8.2 ml. per 100 ml. 6.7 ml. per 100 ml. 1 5.8 ml. per 100 ml.
Standard deviation ±-0.5 ml. | 41.1 ml. ±-0.7 ml. 4±1.0 ml
Mean protein in filtrate +0.4 gram per cent +1.2 gram per cent
Standard deviation ±0.3 gram per cent ±0.4 gram per cent
Mean venous 02 26.4 per cent 11.4 per cent

saturation

80 mm. Hg control (9 expts.) S0 mm. Hg wits adrenalin (9 expts.)
Mean fluid loss 13.4 ml. per 100 ml. 12.8 ml. per 100 ml. 6.0 ml. per 100 ml. 6.6 ml. per 100 ml.
Standard deviation ±1.7 ml. 4±1.8 ml. 40.6 ml. 4±0.8 ml.
Mean protein in filtrate +0.8 gram per cent -1.0 gram per cent
Standard deviation ±0.5 gram per cent 40.3 gram per cent
Mean venous 02 18.0 per cent 30.5 per cent

saturation

z
I.
0
I:
0.

(I

40 30 20

PER.-CENT SATURATION

FIG. 2. PER CENTPROTEIN IN THE FILTRATE PLOTTEDAGAINST PER CENT
OXYGENSATURATIONOF THE VENOUSBLOOD
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permeability in the forearm when the oxygen sat-
uration falls below the general value of 25 per
cent.3

In Figure 2 the values for protein in the fil-
trate are plotted against those foroxygen satura-
tion in the venous blood. Inspection reveals a
definite upward trend of these protein values at
oxygen saturations of less than 25 per cent.
Curve A, Figure 2, was obtained by adding to
each determination of protein in the filtrate the
positive deviations as calculated for Figure 1 and
plotting the resulting points. Curve B was
plotted in a similar manner using the negative
deviations. They have no quantitative significance
but represent an attempt to indicate qualitatively
the skewing and relative accuracy of the data over
the range of venous oxygen saturations consid-
ered. The convergence of these curves towards
the higher values of protein in the filtrate is an
expression of the lower random error at the
higher values for protein and fluid loss. The
marked negative bias of the error especially in
the determinations with higher values of oxygen
saturation probably accounts in large measure for
those negative values observed . The essential
feature portrayed is the increase in the protein
in the filtrate with oxygen saturation values of
less than 20 to 30 per cent. This is clearly shown
on inspection of the data and can be confirmed
by the above mathematical considerations.

DISCUSSION

- The foregoing results suggest that it is neces-
sary for the oxygen tension in the capillary bed
of the human arm to drop to values below 15 to
25 mm. Hg corresponding to an oxygen satura-
tion of 15 to 25 per cent, or an oxygen content
of 4 to 6 vols. per cent in those with a normal
hemoglobin content, before any significant changes
in permeability to protein can be expected. How-
ever, if the oxygen tension falls below this value,
there is good evidence that the anoxia is then of

8 Although venous oxygen determinations were not
made for all of the 60 mm. cuff experiments (7 of 23
controls and 6 of 12 altitude experiments) the arterial
oxygen saturation was reduced by the same amount in
all cases. It is therefore assumed that the average venous
oxygen saturation of those samples in which this meas-
urement was not made would have been of the same order
as the determined values.

sufficient severity to increase capillary permeabil-
ity even when it is of short duration. It is of
interest that even during decompensation the
oxygen content in blood from the antecubital vein
of cardiac patients only rarely falls to such values
(17). Nor are such values met in pneumonia
except in moribund cases (18). In the cases of
emphysema with cardiac failure described by
Stead and Warren (8), in which there was no
increase in protein in the edema fluid in spite of
an arterial saturation of 50 to 60 per cent, the
venous oxygen content was not recorded. It is
possible that despite the severe anoxic anoxia the
venous 02 saturation was not below the critical
level of 15 to 25 per cent. One reason for mak-
ing this assumption is the fact that such patients
often have polycytfiemia and their blood can
therefore yield more oxygen before reaching any
particular degree of desaturation than can the
blood of those with a normal hemoglobin content.

In severe anemia the reverse of the above-
mentioned condition occurs and subjects with
hemoglobin concentration values of 20 per cent
or less show very low venous oxygen saturation
values of the order of 20 per cent (19). Strauss
and Fox (20) have pointed out that the tendency
to water retention on administration of sodium
salts to those with severe anemia was not due to
a low plasma protein level or to an increased
venous pressure. Although endocrine factors
(21) and the effect of changes in renal blood
flow (22) must first be considered in assessing
the cause of this water retention, it is possible
that a part of the edema sometimes noted in severe
anemia may be due to increased capillary per-
meability as a result of anemic anoxia. It is of
interest in this connection to note the incidence of-
edema in cases of erythroblastosis foetalis occur-
ring in utero (23). For in such cases in addition
to the severe anemic anoxia present as a result
of red cell destruction there is a considerable
anoxic anoxia as a consequence of the incomplete
oxygenation of the fetal blood by the placenta.

Aub and Cunningham (24) have shown that
in irreversible traumatic shock the venous oxygen
content may fall as low as 3 to 4 vols. per cent,
representing saturations of the order of 15 to 20
per cent. It is possible that in this condition
the venous oxygen tension may be low enough to
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result in a generalized increase in capillary per-

meability. This conclusion would fit with the
observations of Fine and Seligman (25, 26).
They have noted that following saline therapy in
hemorrhagic shock, plasma proteins are carried
out of the blood stream with the saline and that
this occurs to a greater extent in irreversible
than in reversible shock. These authors state
their impression that "in irreversible shock the
integrity of the capillaries as measured by the
passage of radioactive protein may be impaired."
Even in their more severe cases the venous oxy-

gen saturation rarely fell as low as 5 vols. per

cent and it would seem probable that only in the
terminal phases of shock does the capillary oxy-

gen content fall to values of 3 to 4 vols. per cent;
that is, to levels where definite evidence of an

increase in capillary permeability can be antici-
pated.

In their studies of the effects of anoxia on

lymph production Maurer (5), working with the
cervical lymph of dogs, and Warren and Drinker
(6), with that from the lungs, both demonstrated
a marked increase in lymph flow when the oxy-

gen content in the inspired air was reduced to
values of 10 per cent or less. Although they
did not make direct estimations of venous oxygen

tensions it is possible to interpolate figures from
the data supplied by Davies (27) concerning the
mean venous oxygen tension during varying de-
grees of anoxic anoxia. His data suggest that
the oxygen saturation of the mixed venous blood
in the lungs in their studies was probably not
less than 35 per cent except in the cases where
the oxygen percentage in the inspired air was

considerably less than 10 per cent. Adrenalin
secretion may be stimulated by anoxic anoxia of
this degree and there is increased lymph produc-
tion from the cervical lymphatics following the
use of adrenalin (28). Although there was an

increase in the total amount of lymph protein
produced by their dogs, there was a decrease in
the concentration of protein in the lymph col-
lected during the anoxic episodes. This decrease
is unexpected if the cause of the increased lymph
flow is an increase in permeability of the capil-
lary wall. If, however, the increased lymph
production is due in large measure to changes
in the blood flow through the capillary bed, then

the fall in lymph protein concentration can be
more readily explained. In those cases where
the oxygen content in the inspired air was less
than 10 per cent and in which the arterial oxy-
gen saturation fell to less than 50 per cent, it is
probable that the oxygen saturation of the mixed
venous blood was within the critical range of 15
to 25 per cent necessary for the development of
an increased capillary permeability. If our fig-
ures, determined from studies using the human
forearm, also apply to the pulmonary capillary
network, it is probable that in these cases anoxia
played a direct part in the increased lymph flow.

Pochin (2) was led to his study of the relation
of gross ischemia to edema formation by his
observation of edema in a human limb, to which
the circulation had been obstructed for 10 hours.
It is possible to develop far higher grades of re-
coverable anoxia in isolated parts. of the body
such as a limb, ear, or finger, than in the entire
organism which includes regions of very great
sensitivity to anoxia such as the brain. Conse-
quently, it is to be anticipated that evidence of
edema formation as a result of anoxia of the capil-
lary walls would be found in cases where the
arterial blood supply to a region was grossly
impaired. De Takats (29) has observed the fre-
quent occurrence of edema in conditions, such as
traumatic angiospasm, acute peripheral tropho-
neurosis and even in Buerger's disease. He em-
phasizes that this edema will vanish after sympa-
thectomy or sympathetic paralysis. These pro-
cedures do not necessarily relieve any venous
obstruction that may be present in such cases.
This points to a relief of the anoxia of the capil-
lary wall, resulting from the improved blood flow,
as the probable cause of the improvement of the
edema. Homans (30) has recently confirmed this
opinion that the edema so frequently observed in
arterial spasm is due to anoxia of the capillary
wall. Oschner and De Bakey (31) in a discus-
sion of the mechanism of development of edema
in thrombophlebitis, conclude that it is not solely
due to the increase in venous pressure as a result
of the obstruction to the venous drainage from
the part. They consider that reflex vasospasm of
the arteries is a most important factor and that
as a result of the vasospasm there is a relative
anoxia of the capillary endothelium with an en-
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suing increase in permeability. If blocking the
sympathetic pathways is effective in relieving
arterial spasm, then the blood flow through the
part increases, the oxygen saturation in the venous
blood rises and at the same time the edema de-
creases. It would be of interest to know the
oxygen saturation of blood draining from the
edematous regions before and after sympathetic
paralysis in such cases.

It is known that in the liver which largely
depends on venous blood for nourishment, the
oxygen tension in the blood in the hepatic veins
may fall to very low levels. Thus Engel, Harri-
son, and Long (32) and also McMichael (33)
note hepatic venous oxygen saturations in the
cat of 3 to 30 per cent during hemorrhage.
These low values were often obtained before the
blood pressure had fallen significantly below its
initial level. Frank, Seligman, and Fine (34)
have associated the susceptibility of the liver to
damage in shock with this peculiarity of the blood
supply. It would be of interest to know what
part anoxia of the liver capillaries might play in
their known high permeability to protein (10)
and whether the effects of anoxia on capillary
permeability to protein differ in the different re-
gions of the body. Finally, it may be noted that
this work has been carried out with acute anoxia
lasting for 30 minutes only. It is not known
whether prolonging the duration of the anoxia
would significantly raise the critical level of oxy-
gen tension at which capillary damage first oc-
curs. However, the failure of Stead and Warren
(8) to observe an increase in protein in the
extracellular fluid in their subjects with chronic
anoxia would suggest that this does not occur.

The preceding observations indicate that anoxia
commences to affect capillary permeability to the
point of significant protein leakage at a very low
oxygen tension. The result is that it usually re-
quires a combination of one or more of the fac-
tors, ischemia, anoxic anoxia, anemia, or a great
increase in tissue oxygen consumption, to attain
a sufficiently low level. It may be concluded that
in states of uncomplicated mild anoxic anoxia
there is no reason to anticipate changes in the
capillary permeability of the limbs. On the other
hand, in conditions such as fatal asphyxia, irre-
versible shock, and ischemia in which the venous

oxygen saturation may fall below the critical level
of 15 to 25 per cent a significant increase in per-
meability probably occurs a few minutes after the
commencement of such anoxia.

SUMMARY

1. A number of venous occlusion experiments
of 30 minutes' duration were performed with and
without anoxic anoxia and with and without
adrenalin hypertension.

2. The calculated protein in the capillary fil-
trate was not increased until the local anoxia was
of such a degree that the oxygen saturation in the
venous blood draining from the arm was 15 to 25
per cent or less.

3. The experiments with adrenalin hyperten-
sion suggested that ischemic anoxia and not the
concomitant increase in capillary pressure is. re-
sponsible for the increased amount of protein
found in the filtrate resulting from the use of an
arm cuff at a pressure of 80 mm. Hg.

4. In states of mild anoxia there is no reason
to anticipate changes in the capillary permeability
of the limbs. However, in asphyxia, irreversible
shock, and in severe local ischemia or other states
in which the venous oxygen saturation may fall
below a critical level of 15 to 25 per cent, a
significant increase in permeability to protein
probably occurs a few minutes after the com-
mencement of such anoxia.
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