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It is well known that protein-poor fluid moves
from the vascular to the extravascular space dur-
ing venous congestion of the forearm or lower ex-
tremity (1-5) and during a more generalized in-
crease of venous pressure such as is induced by
quiet standing (6, 7) or by pressure breathing
(8, 9). No quantitative comparison has been
made, however, between local and generalized con-
gestion as to the quantity and duration of capillary
filtration per unit increase of venous pressure.

Our interest in the role played by generalized
capillary filtration in the pathophysiology of con-
gestive heart failure and in postpartum hemocon-
centration (10) stimulated the following experi-
ments in which venous pressure was increased by
repeated performance of Valsalva maneuvers for
half-hour periods by healthy subjects. Fluid losses
were calculated from changes in venous hemato-
crit. It will be shown a) that in the first 10 min-
utes the unit rate of filtration is about the same
for generalized as for local congestion, but b) that
the rate subsequently falls off much more abruptly
when the filtration area and the early fluid loss are
larger than when only the forearm is involved.

PROCEDURE, METHODS AND CALCULATIONS

The venous pressure manometer consisted of glass tub-
ing (inside diameter, 3 mm.) attached to a scale with
zero 10 cm. above the table top. The rubber tubing be-
tween manometer and vein was interrupted by a T-tube
leading from a calibrated 120 ml. reservoir. The entire
system was filled with heparinized saline. Manipulation
of reservoir level and connecting pinchcocks permitted
rapid adjustment of the fluid column in the manometer
to match the fluctuations of venous pressure and pre-
vented regurgitation of blood or unnecessary infusion of
saline during and after Valsalva maneuvers.

1 Partially supported by a grant allocated by the Com-
mittee on Research of the University of California School
of Medicine.

The subjects were healthy 2 men and women under the
age of 45. They came directly to the laboratory in the
morning, usually without breakfast, and reclined for at
least 45 minutes to allow stabilization of postural changes
in fluid distribution before observations were begun.
An indwelling 18 gauge needle was then -placed in the
antecubital vein of each arm. One was used for meas-
urements of pressure and injection of dye, and the other
for sampling. To keep it patent, the latter was con-
nected to a 20 ml. syringe containing heparinized 0.9 per
cent saline so that minimal amounts of blood and saline
could be exchanged (0.1 to 0.2 ml.). Before collection
of any sample, 3 ml. of blood was discarded.

The subjects rested for another 10 to 30 minutes while
three or four blood samples were collected and three or
four readings of venous pressure were recorded, and in
one experiment on each subject plasma volume was de-
termined with T-1824. A series of Valsalva maneuvers
was then performed. Readings of venous pressure were
called out by an observer, while the subject, lying on his
back with legs flexed, attempted to raise the pressure as
high as possible by tensing his abdomen and making
respiratory efforts against his closed glottis. Efforts
lasted 20 out of every 30 seconds. Each fifth minute was
devoted to rest and collection of blood samples (see
Figure 1). The manometer was read every five seconds.
Observations continued during 30 minutes of recovery.
The volumes of saline delivered and of blood withdrawn
were recorded.

Samples were collected in oiled syringes to minimize
hemolysis. Three ml. of each sample was transferred
to a tube containing the appropriate amount of Win-
trobe’s anticoagulant mixture; the remainder was allowed
to clot. Wintrobe hematocrit tubes were filled in dupli-
cate immediately after the procedure, covered with a
drop of mineral oil, and centrifuged for 30 minutes at
3,000 rpm. The buffy coat was included in the esti-
mated height of the cell column, and no correction was
applied for trapped plasma. Serum proteins were esti-
mated by the falling drop method of Kagan (11) ; falling
times were determined in triplicate. Optical densities of

2A. McL. had had amputations of one leg at the
ankle and the other at the junction of the middle and
lower third of the foreleg.
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the serum were determined with an Evelyn micro-
colorimeter.

The venous pressure readings taken during the 60 min-
utes of effort and recovery were plotted on coordinate
paper, and the average of the resting readings was drawn
as the baseline. The mean increase or decrease of pres-
sure from resting level was then determined by pla-
nimetry for each five minute period.

The average value for the three resting samples was
used as the “initial” value for both hematocrit and se-
rum protein concentration. Initial plasma volume, when
measured, was calculated from the average of the opti-
cal densities of samples taken 10 and 15 minutes after in-
jecting the dye. Initial whole blood and red cell vol-
umes were calculated from this value and the initial he-
matocrit. In experiments where plasma volume was not
measured, plasma and whole blood volumes were calcu-
lated from the initial hematocrit and the red cell volume
as determined in the companion experiment on the same
subject.

For each successive sampling period, the initial values
were corrected for the losses of cells, plasma and total
circulating protein caused by sampling, using the hemato-
crit and protein values of the preceding sample. In this
way “predicted” values for hematocrit and protein con-
centrations were obtained for comparison with the ob-
served values for the same period. A second set of pre-
dicted values was estimated on the assumption that the
plasma volume had been expanded by the exact amount
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of the infused saline. The formulas introduced by Landis,
Jonas, Angevine and Erb (2) were used to calculate
the apparent changes of plasma volume, of total circu-
lating protein and of the protein content of the capillary
filtrate. Details of the calculations and an analysis of
the reliability of the results appear in the Appendix.

Because the volumes of saline infused during the Val-
salva experiments were relatively large in relation to
the observed filtration volumes, 10 experiments were per-
formed in which comparable volumes of saline were in-
fused, but Valsalva maneuvers omitted. Each healthy
subject rested for at least 45 minutes, after which two
or three samples were taken at 5 minute intervals from
an 18 gauge needle kept open with a very slow drip of
saline. Saline was then infused at an approximately
constant rate for 30 minutes to achieve totals of 150 to
210 ml. A 5 ml sample was taken every five minutes
after 3 ml. of blood had been discarded. The hematocrit
of each sample was determined in duplicate.

RESULTS

1. Antecubital venous pressure

Figure 1 shows two examples of the curves ob-
tained by plotting manometer readings. The rise
of pressure was rapid at first and became slower
toward the end of the 20 seconds of effort. With
cessation of the effort, pressure fell abruptly to
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Manometer zero 10 cm. above the skin of the back. Dotted lines show
average pressures during initial rest period.
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TABLE I
Summary of Valsalva experiments

Volume Volume Maximum
Expt. Date Plasma of saline of blood venous

no. 1947 Subject Sex Weight volume added samples pressure*

Kg. ml. ml. ml. cm. saline
A-1 11/29 J. H. M 210 7 46
A-2 12/9 {'_ H. M 80.0 3,360 155 15 41
B 12/16 . L. M 72.8 3,460 130 15 42
C 12/2 J.S. M 76.5 3,197 170 15 45
D-1 11/25 A. McL M 142 7 32
D-2 12/11 A. McL M 56.6 2,970 120 15 30
E-1 11/28 E.B. F 160 7 28
E-2 12/18 E.B. F 60.0 3,100 135 15 28
F-1 12/4 B.F. F 100 7 27
F-2 12/30 B.F. F 58.5 2,505 120 15 23

* Average of the maxima reached during Valsalva maneuvers minus the mean resting pressure.

near the original baseline. Table I shows the
average peak pressures attained. Some subjects
achieved more effective increases of pressure than
others, but performance was fairly uniform in
each experiment. Average increases of between

10.4 and 20.8 cm. H,O were sustained during the
half-hour periods of Valsalva maneuvers (see
Table III and Figure 2). Venous pressure al-
ways remained below the initial resting level dur-
ing the entire 30 minutes of recovery.

TABLE II
Effects of small saline infusions on the plasma volume during rest

Hematocrit Volume Apparent excess (4)
_— of saline or deficit (=)
Subject Sex Weight Time Predicted Observed infused of p!
Kg. min, % % mi. (% of infused volume)

H.R. M 70 10 48.1 47.6 60 + 78

30 46.7 46.9 180 -~ 10
R.W. M 82 10 419 42.1 60 — 41

30 39.9 41.0 180 -7
S. H. M 65 10 48.9 48.2 60 + 97

30 47.3 47.1 180 + 10
P.H. M 81 10 47.2 459 60 4210

30 46.1 46.4 180 - 17
D. Z. M 73 10 47.8 47.7 70 + 7

30 46.5 47.2 210 - 31
J. K. M 87 10 40.3 40.3 70 0

30 39.0 40.2 210 — 58
E. B. F 66 10 42.6 43.3 75 — 87

30 41.4 42.6 200 — 58
M. D. F 54 10 38.4 39.1 50 —129

30 37.2 38.5 150 - 93
M.S. F 47 10 414 41.0 50 + 39

30 40.1 40.5 150 - 22
M. ]. F 62 10 40.3 40.9 60 -7

30 39.3 40.5 180 - 70

Average at 10 minutes + 10.3 (S.D. =95)
Average at 30 minutes — 44 (S.D.=33)
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2. Experiments in which no Valsalva maneuvers
were performed

The amounts of saline infused, 2.2 to 3.2 ml.
per Kg. of body weight, were similar in magnitude
to those used in the Valsalva experiments. The
“predicted” hematocrits shown in Table II repre-
sent the average resting values corrected for
sampling losses and for the infused saline. Thus,
the calculated excesses or deficits represent differ-
ences between the apparent changes in plasma
volume and the expected changes if all the saline
had remained intravascular. The results were
extremely variable. At the time of the 10 minute
sample more fluid appeared to have been added to
the plasma than had been injected in the ma-
jority of experiments. At 30 minutes, after in-
fusion of 150 to 210 ml., evidence in all but one
experiment indicated that some portion of the fluid
had left the blood. The average loss of 44 per cent
was derived from values ranging between a loss
of 93 per cent of and a gain of 10 per cent over the
injected volume.

3. Hemoconcentration during the period of Val-
salva efforts as calculated from hematocrit

Because the fate of the saline introduced during
the experiments could not be determined exactly
(see above), calculations were made in two ways:

+200
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+100

ZERO
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a) without consideration for the saline, and b)
assuming that plasma volume was expanded pro-
gressively by the saline. Values corrected for sa-
line will henceforth be labeled “cs” and uncor-
rected values “ucs.” When correction was made
for saline, the predicted hematocrit was always
lower and the apparent filtration volume greater
than when the saline was left out of consideration.
Figure 2 shows the results of two experiments in
which the increments of venous pressure were
about the same. It shows the similarity between
curves obtained by plotting ucs and cs values. In
every experiment the fluid loss as calculated from
hematocrits was rapid at first, became progres-
sively slower, and ceased after 10 to 20 minutes.
In six experiments fluid was regained during the
latter part of the period of increased venous pres-
sure (see Experiment A-2, Figure 2).

In general, the largest subjects and those who
maintained the highest increments of venous pres-
sure filtered the most fluid. The three heaviest
subjects, A, B and C, maintained venous pressures
17 to 22 cm. above resting. During the first nine
and a half minutes their fluid losses were 333 to
501 ml. (5.6 to 8.1 per cent of initial blood vol-
ume cs). The two females, E and F, maintained
venous pressures only 9 to 13 cm. above resting
and lost only 3.1 to 3.9 per cent of blood volume
(see Table III).

EXPERIMENT A-2
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F1c. 2. SuMMARY oF Two EXPERIMENTS
Below are the average changes of venous pressure during Valsalva efforts and during recovery, as determined by

planimetry of pressure curves for each five minutes.

Apparent changes in plasma volume, as calculated from he-
matocrits, serum proteins and optical densities, appear above.

Values for optical density have been calculated as

though dye were leaving the blood continuously at a rate of 10 per cent per hour.
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TABLE III
Results at 9% and 29% minutes in Valsalva experiments

Change
Hematocrit Serum protein conc. in total
Increase Volume Blood Unit rate of circu-
in Predicted Predicted filtered$ volume lost§ filtration§ lating
Expt. venous Oob- @ — Ob- protein|
no. Time pressure* served cst ucst served cs ucs cs  ucs cs ucs cs ucs cs
min. cm. % % Gm. % Gm. % ml. % ml./min./ Gm.
saline om./Kg.
A-1 9% 19.1 49.85 47.04 47.61 6.322 5.851 5.989 333 262 5.7 45 0.023 0.018 - 6.5
29% 20.1 49.75 4595 47.62 6.391 5.603 5.989 460 250 7.8 43 0.010 0.005 - 58
A-2 93 19.2 48.50 44.93 45.31 6.305 5.796 5.886 454 402 74 6.6 0.033 0.028 -11.4
29% 16.9 4735 44.17 4535 6.343 5.660 5.882 417 262 6.8 4.3 0.010 0.006 - 29
B 9% 20.8 47.45 43.60 4391 6.567 5.938 6.010 501 459 81 74 0.035 0.032 -11.0
29% 20.8 48.30 4296 43.88 6.764 5.785 6.005 687 556 11.1 9.0 0.015 0.012 -11.2
C 9% 18.6 49.30 46.54 46.98 5.861 5.544 5.642 339 2.82 5.6 4.7 0.025 0.021 - 96
29% 17.5 50.05 45.68 46.99 6.130 5.351 5.643 534 363 8.8 6.0 0.014 0.009 - 6.9
D-1 9% 134 47.60 44.82 45.22 6.754 6.049 6.150 304 258 59 5.0 0.042 0.036 - 03
29% 13.8 48.40 44.02 45.24 6.716  5.851 6.147 477 335 9.2 6.5 0.021 0.015 - 6.5
D-2 93 114 46.15 43.80 44.14 6.531 6.361 6.447 270 230 5.1 43 0.045 0.038 -12.5
29% 11.6 47.70 43.03 44.02 6.900 6.188 6.442 523 403 99 76 0.027 0.022 —14.4
E-1 9% 14.1 39.45 3793 38.36 6.070 5.898 6.006 186 132 39 28 0.023 0.016 - 6.2
29% 11.3 3890 37.06 38.33 6.014 5.690 6.005 228 70 48 1.5 0.011 0.003 - 3.8
E-2 9% 12.7 38.15 36.54 36.87 6.230 5.966 6.051 208 164 42 33 0.029 0.023 — 4.7
293 10.8 37.25 35.77 36.75 6.007 5.799 6.050 197 65 40 13 0.010 0.003 - 5.2
F-1 9% 9.3 43.65 42,02 42.36 6911 6.221 6.309 152 120 3.8 29 0.030 0.023 + 5.8
29% 10.7 43.70 4133 42.36 6.818 6.052 6.313 223 123 54 3.0 0.012 0.007 + 33
F-2 9% 12.2 41.70 40.28 40.67 6.446 6.180 6.280 130 104 3.1 25 0.019 0.015 - 17
29% 104 41,33 39.44 40.58 6.470 5.986 6.278 194 75 46 1.8 0.011 0.004 - 0.1
Mean at 94 min. 0.031 0.025
S.D. 0.008 0.008
Mean at 294 min. 0.014 0.009
S.D. 0.005 0.006

* Cumulative average increase above resting.
1 Values corrected for infused saline.

1 Values uncorrected for infused saline.

§ Calculated from hematocrits.

Il cs and ucs values are the same.

For the first nine and a half minutes the unit
rate of filtration (URF), representing ml. filtered
per Kg. body weight per cm. rise of venous pres-
sure per minute, averaged 0.031 cs (0.025 ucs).
The URF for 29% minutes was always much
smaller, averaging 0.014 cs (0.009 ucs). In most
experiments the ratio of URF for 29%% minutes
to URF for 9% minutes was about 1:2 ¢s (1:3
ucs).

4. Serum proteins and optical density

During the period of Valsalva maneuvers, the
fluid loss calculated from the change in serum pro-
tein concentration was always less than that cal-
culated from hematocrits. This relationship be-
came reversed, or at least the values approximated
each other, during recovery. Examples of these

directional changes are illustrated in Figure 2.
There was a calculated loss of total circulating
protein in all experiments except F-1. This loss
appeared to have occurred chiefly during the first
part of the period of Valsalva efforts, because the
calculated loss at 29% minutes was rarely more
than that at 9% minutes (see last column, Table
III).

The observed changes in optical density pro-
vide only qualitative information because rates
of disappearance of T-1824 during rest were not
established. If it is assumed that the dye left the
blood at an initial rate of 10 per cent per hour (12)
and that the rate was unchanged during the pro-
cedure, the results are as shown in Figure 2. In
the early part of the experiment the apparent vol-
ume filtered approximated that calculated from
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the protein data, whereas toward the end of the
half-hour of Valsalva efforts, it lay close to the
volume calculated from the hematocrits. During
the recovery period, however, the curve repre-
senting volume changes based on optical density
fell below the hematocrit and protein curves, in-
dicating that the rate of dye loss was slower dur-
ing recovery than during the period of efforts.

DISCUSSION

1. Possible influence of factors other than fluid
loss from the blood on venous hematocrit

Some of the limitations of calculating changes in
plasma volume from hematocrits are shown by the
results of the experiments with infusions of saline
but without performance of Valsalva maneuvers.
The differences sought between initial and ob-
served values were necessarily so small that they
could have been affected materially by spontane-
ous changes in the venous hematocrit. In 7 of
the 10 experiments the blood samples taken before
beginning the infusion showed evidence of the so-
called “spontaneous hemodilution” which has been
described repeatedly and which has been variously
attributed to a gain of plasma volume or a rise of
the body : venous hematocrit ratio (12-15). Thus,
in six experiments the hematocrit of the last pre-
infusion sample was 0.1 to 0.6 per cent?® lower
thari that of the first, and in one (S. H., Table IT),
the fall amounted to 1.2 per cent. This was the
experiment in which plasma volume appeared to
have expanded even more than could be accounted
for by the infusion, even at the time of the 30
minute sample. It seems probable, therefore, that
the variability of the results of these experiments
was caused chiefly by individual differences in the
degree and persistence of spontaneous hematocrit
changes following the initial venipuncture. In 8
of the 10 Valsalva experiments the hematocrit fell
0.2 to 0.7 per cent during the initial rest period.
However, the minor fluctuations characteristic of
the resting state probably did not continue during
the Valsalva efforts when major circulatory de-
rangements and rapid capillary filtration were in
effect.

The addition of saline to the circulation had
little influence on the results during the early part
of the Valsalva experiments when the filtered vol-

8 Hematocrit scale divisions.
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umes were large and infused volumes small. By
the end of 30 minutes the influence of the saline
was relatively more important, particularly in
those experiments where the volumes of filtrate
were small. The results of the infusion experi-
ments where no Valsalva maneuvers were per-
formed show that the “true” values probably were
about midway between the results calculated as
though all the saline remained intravascular (cs)
and as though all of it had left the blood (ucs).
Three factors must be considered which might
conceivably have caused systematic errors in esti-
mating fluid movements from changes in the ve-
nous hematocrit under the conditions of these ex-
periments. 1. Cell-rich blood might have been
transferred from some reservoir into the general
circulation during the Valsalva efforts. There is
no evidence to support this suspicion. Although
about 200 ml. of blood can apparently be expressed
from the lungs by a five second maximum Valsalva
effort (16), this represents a redistribution of
whole blood rather than a transfusion of cells be-
cause the hematocrit of the pulmonary circuit is
about the same as that of the body as a whole (17)
and the quantity of blood involved is only a small
fraction of total blood volume. Finnerty, Buch-
holz and Guillaudeu (18) recently reviewed and
contributed to the evidence against the presence,
in healthy men, of storage areas which are capable
of contributing cell-rich blood to the circulation.
2. Theoretically, the reduced rate of blood flow in
small vessels during a Valsalva maneuver would
tend to lower the body:large vessel hematocrit
ratio. Although this ratio tends to be deranged
during severe circulatory disturbances (19) and
may be reduced in heart failure as much as 2 per
cent (20) to 4 per cent (21), our results were
probably not affected in this way because the blood
samples were taken during intervals of rest and
not during Valsalva efforts. 3. Cell volume might
have been affected by changes in blood gas con-
tents or pH caused by breath-holding and venous
congestion. Landis and associates (2) have sum-
marized this problem as it pertains to the effects
of venous congestion. The good agreement which
was found between calculated fluid losses based
on hemoglobin and on hematocrit values by them
(2) and by Henry, Hendrickson, Movitt and
Meehan (8) indicates that with severe venous
congestion or prolonged pressure breathing, sig-
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nificant changes in cell size either do not occur
or are reversed during aerobic handling of the
blood samples in vitro. There is no reason to sup-
pose the error from this source was any greater
in our experiments. The samples were collected
during intervals of rest, and they were freely ex-
posed to air during transfers and while being
mixed with anticoagulant before filling the Win-
trobe tubes. Should any of the three sources of
error just discussed be in effect, it would make the
estimate of fluid loss based on hematocrits appear
falsely high. Such systematic errors, at most,
could not exceed the observed differences between
the fluid losses calculated from hematocrits and
those calculated from changes in protein concen-
trations. They could, however, account for some
or all of the apparent loss of protein to the capil-
lary filtrate.

2. Venous pressure and fluid movement during
Valsalva maneuvers

The fidelity of the system used here to record
venous pressure was probably adequate. Rushmer
(22), using optical manometers, found that ante-
cubital venous pressure rises slowly (0.74 mm.
Hg per second) and reaches its maximum in 20
seconds during Valsalva maneuvers. Our curves
have similar characteristics. Although pressure
rises more rapidly in veins lying below the level
of the heart than above (22), the changes ob-
served in the antecubital vein when located just
below heart level in the recumbent subject, as in
our experiments, represent an approximate aver-
age for the body.

The average increase of antecubital venous pres-
sure corresponding to a given percentage deple-
tion of blood volume in our experiments was less
than one-third of the airway pressure required to
produce similar losses in humans (8) and in
anesthetized cats (9) subjected to pressure breath-
ing for like periods of time. This illustrates the
fact that peripheral venous pressure may rise to
only one-third or one-half of airway pressure dur-
ing Valsalva efforts, the exact relationship ap-
parently depending on the elasticity of the lung,
the severity of cardiac tamponade, and the in-
tensity of vasomotor responses (22, 23).

Landis and Gibbon (3), measuring changes in
extravascular volume by pressure plethysmograph,
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found the URF during 10 minutes of venous con-
gestion of the human forearm to be 0.0033 ml. per
cm. of venous pressure per minute per 100 Gm.
of tissue. Our values, expressed per 100 Gm.
body weight, are similar but slightly smaller
(0.0031 cs; 0.0025 ucs). Hamilton, Woodbury
and Harper (24) found that effective capillary
pressure fails to rise within thorax, abdomen and
skull during cough and strain because intravascu-
lar and extravascular pressures rise equally. The
URF for 9% minutes of Valsalva efforts becomes
0.0036 cs (0.0029 ucs), in close agreement with
the URF for 10 minutes of localized congestion of
the forearm (3), if the contents of these protected
cavities are taken to represent 15 per cent of body
weight and the calculations therefore based on
85 rather than 100 per cent of body weight.

In contrast, the URF for 291 minutes of Val-
salva efforts was only one-third to one-half as
great as the URF for 30 minutes of forearm con-
gestion as found in three investigations: 0.0014 cs
(0.009 ucs), as contrasted with 0.0023 (1), 0.0028
(3) and 0.0027 (4). It appears that a sustained
rise of venous pressure ceases to be effective as a
cause of capillary filtration much sooner when
large portions of the body are involved than when
congestion is localized. Thus, the URF decreased
50 per cent or more between 9% and 294 min-
utes of Valsalva efforts, but only 18 per cent be-
tween 10 and 30 minutes of forearm congestion
(3).

The hemoconcentration resulting from Valsalva
efforts is comparable in degree to that found when
venous hypertension of like severity and duration
is produced by other means, such as orthostasis
(6, 7), thigh cuffs (5) or pressure breathing. The
rapid decline of filtration after the first 10 to 20
minutes of extensive congestion has been noted by
others (5, 6, 9).

An explanation for the more rapid cessation of
filtration during generalized as compared with lo-
calized venous hypertension is to be found in the
rapid rise of plasma oncotic pressure. Compari-
son of predicted with observed values (Table III)
shows that the protein concentration of the plasma
rose in some instances as much as 0.7 Gm. per
cent after 9% minutes and 0.9 Gm. per cent after
291, minutes of Valsalva efforts. In the case of
localized congestion, continued filtration is op-
posed only by rising tissue pressure, but when con-



1472

gestion is widespread the influence of rising on-
cotic pressure is added, because relatively large
amounts of protein-poor fluid leave the blood early
in the course of the experiment and lymphatic re-
turn of protein is unimpaired. It seems unneces-
sary to invoke other explanations for the cessa-
tion of filtration after the early loss of 3 to 10 per
cent of blood volume even though it is known that
the mechanisms for conservation of body water
may be set off by this degree of depletion (25,
26). Under the conditions of our experiments the
basal rate of urine flow must have been small (27),
so that even a 50 per cent reduction of flow (25,
26) could have had little influence on our results.

3. Protein and dye loss

The calculated losses of protein to the capillary
filtrate deserve some consideration despite their
relative unreliability because similar data are avail-
able in the literature for comparison (2, 8). Our
results were fairly consistent, particularly in the
first six experiments (Table III) where fluid
movements were fairly large. This suggests that
variations due to random errors in hematocrit and
protein values were generally smaller than those
in the extreme examples chosen to illustrate the
possible range of technical error (see Appendix).
Appreciable protein was lost during the Valsalva
efforts, so that the calculated content of the filtrate
at 29% minutes was about 1 to 2 Gm. per 100 ml.
Henry and co-workers (8) found similar losses
during pressure breathing, whereas Landis and his
associates found that the filtrate formed during
forearm congestion at similar pressures was free
of protein (2). Possible explanations for the ap-
parent difference in protein loss during localized
compared to more generalized congestion seem to
be that a) during Valsalva maneuvers or sustained
pressure breathing, effective capillary pressure
might rise sufficiently in permeable areas such as
the liver to cause loss of protein-rich fluid, or &)
factors other than loss of fluid from the blood
might contribute to the rise of hematocrit during
the Valsalva maneuvers or pressure breathing, but
not in localized congestion. Such factors might
include changes in blood gas contents and pH or
disturbances in the body : venous hematocrit ratio,
as discussed earlier in this report.

Protein appeared to be re-entering the circula-

ELLEN BROWN, JAMES HOPPER, JR., JOHN J. SAMPSON, AND CHARLES MUDRICK

tion, presumably via the lymphatic system, during
recovery and possibly in the latter part of the Val-
salva period, as evidenced by the increase in total
circulating protein between 9% and 29% minutes
seen in several experiments. Although Hyman
and Goodman (9) found the rate of disappearance
of T-1824 from the blood was unaffected by pres-
sure breathing, our data show that dye loss was
slightly more rapid during the period of Valsalva
efforts than during recovery.

4. Clinical implications

The amounts of fluid leaving the blood during
10 to 30 minutes of repeated “bearing down” ef-
forts are sufficient to account for the rise of he-
matocrit usually seen during the second stage of
obstetric labor (28). Because the loss of fluid
caused by venous hypertension is stopped by ris-
ing plasma oncotic and tissue pressures, the modest
elevation of venous pressure caused by postpartum
administration of oxytoxic drugs (10) would not
be expected to have further effect, except to limit
the rate of reabsorption of fluid filtered during
labor. However, the same rise of venous pres-
sure after cesarean section not preceded by labor
would be expected to cause some hemoconcentra-
tion (10).

It would appear from our results that in heart
failure, clinical edema could not result from ve-
nous hypertension without concomitant renal re-
tention of salt and water, since massive capillary
filtration is self-limited. However the results of
the Valsalva experiments cannot necessarily be
applied quantitatively to the problem of cardiac
edema because factors influencing the rate of rise
of interstitial and plasma oncotic pressures during
capillary filtration may be different in the patient
with edema compared to the healthy subject. In
the patient the initial volume of fluid filtered per
unit rise of central venous pressure might be
greater than suggested by our results because the
capillary beds of thorax and abdomen would be
affected, whereas they were “protected” in the
Valsalva experiments. The resultant depletion
of plasma volume might call into play the homeo-
static mechanisms regulating fluid balance more
rapidly. On the other hand, plasma oncotic pres-
sure might not be maintained as well in the cardiac
patient as under experimental conditions because
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a) protein-rich fluid would probably be filtered in
the liver, and b) renal retention of salt and water
would tend to dilute the plasma. Local factors
to be considered are a) reduced tissue elasticity
and b) impaired lymphatic drainage, as found by
McMaster (29) in patients with cardiac edema.
The former would cause tissue pressure to rise
less rapidly and thus enhance filtration. The latter
would work in the opposite direction. The pos-
sible effects of altered total return of fluid and
protein via lymphatics to the blood cannot be
estimated.

SUMMARY

1. In 10 experiments on healthy subjects, sys-
temic venous pressure was raised 11 to 21 cm.
H,O for half-hour periods by repeated perform-
ance of Valsalva maneuvers. Changes in venous
hematocrit, plasma protein and T-1824 concen-
trations showed that fluid left the blood rapidly
during the first 10 to 20 minutes. Filtration
stopped or diminished greatly after an initial loss
of 3 to 10 per cent of blood volume.

2. During the first 10 minutes the unit rate of
filtration was similar to that observed during lo-
calized congestion of the forearm, if it is assumed
that there was no rise of effective capillary pres-
sure and no filtration within thorax, abdomen or
skull. Cessation of filtration was more abrupt
than in the locally congested forearm. The ex-
tensive loss of protein-poor fluid and more rapid
establishment of a new balance of forces across the
capillary walls when venous congestion is gener-
alized can account for the difference.

3. The apparent concentration of protein in the
filtrate was about the same as that observed in
experiments with pressure breathing, but greater
than that noted during forearm congestion. Total
circulating protein usually failed to decrease fur-
ther after the modest loss which occurred during
the first 10 minutes. The rate of loss of T-1824
from the blood was slightly more rapid during
the period of Valsalva efforts than during recovery.

4. It is concluded that the quantity of fluid leav-
ing the blood during 10 minutes of Valsalva efforts
is sufficient to account for the hemoconcentration
commonly associated with parturition. Because of
its self-limited nature, capillary filtration cannot
be solely responsible for the production of gen-
eralized clinical edema.
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APPENDIX

Symbols and equations.
used in calculations, where
H = hematocrit
P = plasma protein concentration
Vrbe, Vpl, and Vwb = total volumes of cells, plasma and
blood
TP = total circulating protein (P X Vpl)
xn = volume of fluid lost per 100 ml. of blood, calculated
_ from hematocrits
X5 = total volume of fluid lost, calculated from hemato-
crits
xp = volume of fluid lost per 100 ml. of plasma, calcu-
_ lated from protein concentrations
X, = total volume of fluid lost, calculated from protein
concentrations
P = loss of circulating protein
P, = protein concentration of filtrate.
Subscripts o and p refer to observed and predicted values,

The following procedures were

respectively.
Equations:
- Hy
1. x..—lOO—lOOXHo
2. Xn=1xnXVwb
3. xp =100 — 100 X %’
o
4. X, =x, X Vpl
5. P =TP,— P, X (Vpl — Xy)
6. Py = P
Xh

Sample calculation. The handling of the data for nine
and a half minutes, Experiment A-1 (line 1, Table III)
may serve as an example. Vpl and Vwb for this experi-
ment were calculated from the resting hematocrit, using
the value for Vrbc which was obtained in the companion
experiment on the same subject, A-2, in which plasma
volume was measured.

Predicted values for nine and a half minutes were de-
rived and tabulated as follows:

Losses
from two
samples,
and gains
from Predicted
Initial infused
values saline cs ucs
H (ml. %) 47.60 47.04 47.61
Vrbc (ml.) 2,18 — 17 2,778 2,778
Vpl (ml.) 3,065 — 7 3,127 3,058
Vwb (ml.) 5,850 —14 5,905 5,836
P (Gm.[100 ml.) 5.990 5.851 5.989
TP (Gm.) 183.594 — 0.444 183.150 183.150
Saline (ml.) +70

Using the values corrected for infused saline (cs), Equa-
tions 1 to 6 give the following results:

47.04
1. % =100 — 100 X 35'zc = 5.64ml./100 ml. blood
2. Xi = 5.64 X 59.05 = 333.04 ml.
3. xp =100 — 100 X 531 _ 746 ml./100 ml. plasma

6.322
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4, X, = 7.46 X 31.27 = 233.3ml.
5. P =183.149 — 6.322 X (31.27 — 3.33) = 6.5Gm.

6.5
6. Pr= 333

Accuracy of calculated results. The accuracy of Hy and
H, affects the reliability, not only of x, and X, but of P
and P;. We have found the standard deviation of a
single venous hematocrit to be 0.27 ml. per cent. This is
based on measurements of three successive samples taken
from an indwelling needle at five minute intervals in each
of 103 experiments, and includes the effects of spontaneous
fluctuations in the venous hematocrit, as well as analytical
error when each hematocrit is measured in duplicate. In
the experiments reported here, the most extreme error
which might be anticipated from random deviations in H
may be calculated by adding 0.27 to H, and subtracting
0.27 from H,. The values representing the largest and
smallest filtration volumes of the series, 4.e., 294 minutes,
Experiment B, and 9% minutes, Experiment F-2 (see
Table III), may be used to test the effects of this manipu-
lation. In the instance of the largest filtered volume, the
apparent value of X is reduced 10 per cent (from 687 to
621 ml.), while P and P are reduced 35 and 28 per cent,
respectively. In the case of the smallest filtration volume,
similar manipulation of the data lowers X 28 per cent and
P 94 per cent. (This changes P from an apparent loss of
1.7 to a gain of 1.3 Gm.)

If it is assumed that the serum protein concentrations
may err by +0.16 Gm. per 100 ml. (11), the significance
of our calculated values may be tested by adding 0.16 to
P, and subtracting 0.16 from P,. With the data for 29}
minutes, Experiment B, this substitution makes P increase
127 per cent, or from 11 to 25 Gm., while P also rises more
than 100 per cent (from 1.6 to 3.6 Gm. per 100 ml.).

Henry, Goodman and Meehan (30) found that if the
numerical value of the product (H, — Hy)(Po — Pp) is
about 6, Py may vary over a range of plus or minus 2 Gm.
per 100 ml. due to random errors of determining P and H.
As the product becomes progressively smaller, the varia-
bility increases. The corresponding products for our data
range between 0.3 and 5.3, showing that the degree of
hemoconcentration achieved in the experiments was not
great enough to permit accurate calculation of Px.

Thus, values for Xu can be relied upon within limits
ranging from plus or minus 10 per cent of the largest and
plus or minus 30 per cent of the smallest values in our
series. P and P; are dependable only in the general range
of plus or minus 100 to 200 per cent.

=1.95Gm./100 ml.
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