
ANNALS OF SURGERY

November 1967

The Hemodynamic Effect of Acute Blood Loss
in Normal Man, with Observations on

the Effect of the Valsalva Maneuver
and Breath Holding

JOHN J. SKILLMAN,* M.D., JOHN E. OLSON,' M.D.,
JOHN H. LYONS,* M.D., FRANCIS D. MooRE, M.D.

From the Department of Surgery, Harvard Medical School and Peter Bent
Brigham Hospital, Boston, Massachusetts

IN 1793, Benjamin Rush, writing about
the bloodletting treatment (70-80 ounces

of blood in 5 days) of patients suffering
from yellow fever in the Philadelphia epi-
demic of that year,15 stated: ". . . the ef-
fects of blood letting on the system were

as follow: 1. It raised the pulse when de-
pressed, and quickened it, when it was

preternaturely slow, or subject to intermis-
sions 2. It reduced its force and frequency."
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More than 150 years later the inconsist-
ency of these two statements was pointed
out by Shenkin and co-workers.'7 Shenkin
bled 11 human volunteers approximately
500 to 1,000 ml. With the 500-ml. phle-
botomies he found a decrease in systolic
pressure averaging 13 mm. Hg cuff pres-

sure, but no change in diastolic pressure or
pulse rate, and very little change in car-

diac output (employing a ballistocardio-
graphic method which gave per cent de-
viations from average normal values). With
larger phlebotomies (approximately 1
liter) he found that blood pressure fell in
the majority, pulse rate increased materi-
ally in only three subjects, venous pressure

either showed a small diminution or no

change, and cardiac output fell significantly
in almost all.
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Warren and co-workers 23 studied the ef-
fect of blood loss (300 to 900 ml.) and ap-
plication of venous tourniquets on atrial
pressure and cardiac output (using the di-
rect Fick principle with 2-minute collec-
tions of expired air analyzed for oxygen
and CO2 content). He found a decrease in
atrial pressure of 20 to 65 mm. H20 with
these maneuvers, but was unable to detect
consistent changes in cardiac output.

Ebert, Stead and Gibson 2 studied the
effect of acute blood loss in six normal
volunteers. They removed 760 to 1,220 ml.
of venous blood in 6 to 13 minutes. Circu-
latory collapse occurred in five of these
subjects-developing during the course of
phlebotomy in two, and within 1 to 4 min-
utes in the remaining three. In the four
subjects in whom measurements were made
there was a slight fall in systolic pressure
(mean fall = 11 mm. Hg by arm cuff) just
before the onset of circulatory collapse,
while diastolic pressure remained un-
changed. During this period there was an
increased heart rate (14 to 30 beats/min.
above control levels). With the onset of
collapse, systolic and diastolic pressure fell
abruptly and marked bradycardia occurred
(36 to 40 beats/min.). For 12 hours after
blood loss the subjects would faint when
they stood up.
The present study reappraises the hemo-

dynamic effects of blood loss in man. Com-
parisons in the rate (rapid and slow) and
route (venous and arterial) of blood re-
moval were also made to assess the pos-
sible differences of these factors on the
production of hemodynamic changes. In
addition, the effect of the Valsalva maneu-
ver and breath holding were tested, both
before and after hemorrhage, to determine
whether these circulatory challenges might
be useful to uncover hidden volume deple-
tion.

Materials and Methods

Eleven healthy young male volunteers
(ages 21 to 28), two of whom served as
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controls, were studied during separate hos-
pitalization.* Before the day of hemor-
rhage each subject had a physical exami-
nation, blood count, urinalysis, electrocar-
diogram, and chest x-ray film.

Cannulations. For measurement of cen-
tral venous pressure (CVP) and for indo-
cyanine green dye injections, a polyethyl-
ene catheter (Clay Adams PE 205, length
36") was inserted into the right brachial
vein and passed into the right atrium or
superior vena cava.
For measurement of arterial pressure and

pulse contour, and for sampling of blood
for the cardiac output measurements, a
#18 gauge thin-walled Cournand needle
was inserted into the right common femo-
ral artery (in subject S. B. the brachial ar-
tery was used).

Pressure monitoring. Arterial pressure
and central venous pressure were moni-
tored by Statham strain gauges (P23AA for
arterial and P23BB for venous pressures)
connected to a Lexington Instruments dual-
channel oscilloscope and a Texas Instru-
ments dual-channel rectilinear writer. A
point 5 cm. from the table was taken as
the zero reference point for CVP. Hypo-
tension was arbitrarily defined as a systolic
blood pressure less than 100 mm. Hg.

Cardiac output. Cardiac output (CO)
was determined by the dye-dilution method
(indocyanine green) using the Gilford
densitometer (Model #103-IR) with the
Lexington analog cardiac output computer
(time constant 0.259). Arterial blood was
sampled with a Harvard infusion-with-
drawal pump, Model #600-900, aspirating
blood at a rate of 24.7 ml. per minute. The
densitometer and computer curves were
simultaneously recorded on a Texas Instru-
ments dual-channel writer. As many as 30
separate indocyanine green injections were
made during the course of a single-patient
study.

* The endocrine and urinary composition
changes after hemorrhage in these volunteers are
reported elsewhere."9
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Electrocardiograms were monitored dur-
ing the study.

Calculations. Mean arterial pressure
(MAP) was either determined as an elec-
trical mean from the tracings or calculated
by the formula:
MAP = diastolic blood pressure

+ V'3 pulse pressure

These methods of determining MAP agreed
within 1 to 3 mm. Hg.

Cardiac output (CO) was expressed as
cardiac index (CI):

CI (L./m.2/min.) CO (L/min.)
~~~BSA**

Stroke volume (SV):

SVml.bea) =CO (ml./min.)

(ml./beat) Pulse Rate

Total peripheral resistance (TPR) was

calculated from the standard formula:

TPR (dynes- sec.* cm.-5)
_ MAP - CVP X 1332 X 60

CO (ml./min.)
Circulatory challenges: the Valsalva

maneuver and breath holding tests. The
Valsalva maneuver was performed by each
subject before and after hemorrhage to de-
termine its hemodynamic effect and the
possible application of this circulatory
stress to uncover blood volume deficits.
Subjects were instructed to blow forcefully
into a rubber tube, one end of which was

connected to an aneroid sphygmomanom-
eter gauge. Straining, with airway pres-

sures measuring 40 to 75 mm. Hg (mean
= 45 mm. Hg), was continued for 9 to 33
seconds (mean = 19 sec.).

Breath holding. Inspiratory breath hold-
ing (IBH) and expiratory breath holding
(EBH) were maintained for periods up to
45 seconds. Injections of cardiogreen dye
for the purpose of cardiac output measure-

ments during breath holding were made

** BSA = body surface area as determined by
the standard Dubois nomogram.

within 1 to 3 seconds after the start of the
test.
Blood volume was measured by the sum-

mation method using radiochromate (20
and 40 min. equilibrium times) and Evans
Blue (5, 20, and 40 min. equilibrium times).
Sampling losses other than the actual hem-
orrhaged volume were replaced by freshly
cross-matched type-specific blood.

Bleeding procedures. Blood removal was

done by different rates (rapid and slow)
and different routes (venous and arterial)
to compare its effect on the hemodynamic
measurements. The two control subjects
underwent exchange transfusion during
which the amount of blood removed from
one central venous catheter was simul-
taneously replaced by freshly cross-

matched type-specific blood administered
by a second intravenous catheter. In an at-
tempt to eliminate statistical errors caused
by differences in group size, the mean com-

parisons of rapid versus slow bleeds and
venous versus arterial bleeds throughout
this paper are based on the mean values of
each individual group.

Results
Table 1 summarizes the data on rates,

routes, volume, and duration of blood re-

moval. The column designated "transient
additional hemorrhage" represents an extra
sampling which was replaced by freshly
cross-matched blood after its hemodynamic
effect had been measured. The mean total
hemorrhage volume for the nine bled sub-
jects was 764 ml. 29 ml. (1 S.D. of the
mean). The rapid hemorrhages (both ve-

nous and arterial) were approximately five
times brisker than the slow hemorrhages
(mean rate rapid = 46.2 ml./min.; mean

rate slow = 8.9 ml./min.).
Intra-Arterial Blood Pressure. Table 2

summarizes the changes in blood pressure.

Figure 1 shows typical minute to minute
fluctuations of arterial blood pressure in
subject C. R. who underwent a 768-ml.
slow venous hemorrhage. Almost immedi-
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TABLE 1. Summary of Hemorrhages: Route, Rate, Volume, and Duration

Transient Additional
Hemorrhage Hemorrhage

% Blood
Type of Volume Volume Duration Rate Volume Rate

Subject Hemorrhage ml. Removed min. ml./min. ml. ml./min.

C. R. Slow venous 768 13 79 9.7 100 25
A. F. Slow venous 520 10 41 12.7 100 10
T. G. Slow venous 784 15 101 7.8 100 10
S. B. Slow venous 800 16 79 10.1 100 20

Mean 718 13.5 75 10.1 100 16

S. K. Rapid venous 810 19 14 57.8 40 80
R. W. Rapid venous 780 14.7 15 52.0 260 43

Mean 795 16.8 14.5 54.9 150 62

P. W. Slow arterial 825 14.8 107 7.7

R. R. Rapid arterial 810 14.8 24 33.8 290 58
S. R. Rapid arterial 780 16.0 19 41.0 260 26

Mean (Rapid arterial) 795 15.4 21.5 37.4 275 42

Mean (Entire bled group) 764 14.8 53 25.8 139 30

Controls
E. D. Exchange transfusion* 810 14.7 93 8.7 270 30

(exchange)

T. G. Exchange transfusion* 784 15.9 81 9.7 260 12
(exchange)

Mean 747 15.3 87 9.2 265 21

* Exchange Transfusion: Simultaneous withdrawal
no net deficit.

ately after each 250-ml. blood loss there is
a rebound increase of blood pressure. How-
ever, after the fourth and last blood re-

moval, blood pressure stayed low for 10
minutes, even though replacement was oc-

curring.
Comparison of rapid with slow hemor-

rhages shows that with the latter, the mean
blood pressure was lowered by 12%o, while
with slow hemorrhages the mean blood
pressure was lowered by only 5%o (rapid
group-mean control BP = 99 mm. Hg,
mean hemorrhage BP = 87 mm. Hg; slow
group-mean control BP = 95 mm. Hg,
mean hemorrhage BP = 90 mm. Hg). In

and infusion of blood by two venous catheters resulting in

three of the four rapidly bled subjects
hemorrhage produced precipitous drops in
blood pressure, whereas a similar drop in
blood pressure occurred in only one of the
five slowly bled subjects (subject A. F.,
who had a "vasovagal" reaction with an

abrupt transient slowing of the pulse and
a fall in blood pressure to 80/30 mm. Hg).
Comparison of venous with arterial hem-

orrhages shows that with venous hemor-
rhages the mean blood pressure was low-
ered by 16%o, while with arterial hem-
orrhages the mean blood pressure was

lowered by only 3%o (venous group-con-
trol BP = 94 mm. Hg, mean hemorrhage

716
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VENOUS HEMORRHAGE IN NORMAL MAN
Effect of 768ml Blood Loss on Intro-Arterial (Femoral)

Blood Pressure and Pulse Rate CR. 5-24-32Hemorrhage Hemorrhage Hem. Hem.

MINUTES
120

MINUTES
ISO

MINUTES

FIG. 1. Minute-to-minute fluctuations in pulse rate and in systolic, diastolic, mean, and
pulse pressure during and after a slow 768 ml. venous bleed are plotted. A rebound increase
of blood pressure is seen after each 250 ml. of blood loss. This rebound was slower to occur
after the last 100 ml. hemorrhage (see text).

BP = 79 mm. Hg; arterial group-mean
control BP = 100 mm. Hg, mean hemor-
rhage BP = 97 mm. Hg).
The rate and route of hemorrhage pro-

duced significant differences in the dura-
tion of hypotension. The duration of hypo-
tension was longer after slow bleeds than
after rapid bleeds (slow: mean duration of
hypotension = 15 min.; rapid: mean dura-
tion of hypotension = 9 min.). With ve-

nous hemorrhages hypotension lasted 22
minutes compared to only 1 minute when
blood was removed from the arterial side.

In the recovery period (up to 31%2 hours
after hemorrhage) the slow-hemorrhage
group maintained a lower mean pressure

(80 mm. Hg) than the rapid hemorrhage
group (89 mm. Hg). Fluctuations in ar-

terial pressure normally produced by res-
piration and changes in position of the sub-
ject were often exaggerated after hemor-
rhage (Fig. 2). Nonrespiratory oscillations
of the arterial pressure are seen in the in-
spiratory breath holding tracing of subject
R. W. before hemorrhage (Fig. 8). These
oscillations show a natural frequency of
about 0.05 cycles per second. After hemor-
rhage these waves are not as prominent
(Fig 9).
The blood pressure changes in the hem-

orrhaged subjects contrast strikingly with
the absence of changes in the two control
subjects who underwent exchange trans-
fusion. These two subjects E. D. and T. G.,
showed a slight increase in mean blood
pressure with the exchange procedure

PRESSURE
SYSTOLIC-
MEAN-
DIASTOLIC -
PULSE-
mmHg

PULSE
RATE
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ARTERIAL PULSE CONTOUR IN HEMORRHAGE
Femoral Artery Tracing-Venous Hemorrhage 15% Blood Volume in 15 minutes
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R.W. $ 5-97-52
160-

Hemorrhage
OControl 11:03 am 100 ml 11:06 am

1601T />

0_200 ml 11:07 am 350 ml. 11:09 am
20-
100-

mmHg
o_500 ml 11:13 am

140-

100 ,

0-700 ml 11:17am

100-

o_ 1040 mli 12:09-12:1 5 pm

I _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0 m'l 11:15 am

780ml 11:19am

Recovery 140 min. after
260 ml Transfusion 2:50 pm

FIG. 2. A diminishing area under the arterial pressure pulse contour curve occurs during
this rapid venous hemorrhage. This decrease in area is proportional to the decrease in stroke
volume.

(mean control BP = 95 mm. Hg; mean ex-
change period BP = 101 mm. Hg) and,
therefore, give significance to the inter-
pretation that the observed hemodynamic
changes in the bled group are due to the
effects of volume depletion.

Arterial Pressure Pulse Contours. Fig-
ure 2 shows the arterial pressure pulse con-
tours in subject R. W. who underwent a
rapid venous hemorrhage of 15% blood
volume. The shrinking area under the ar-
terial curve seen in this subject is typical
of bled subjects, particularly when the
blood loss is rapid. This shrinking area
suggests a reduction in stroke volume
which is confirmed by the calculations of
stroke volume based on the cardiac output
and pulse rate measurements (subject R.

W.: control SV = 71 ml./beat; SV 30 sec-
onds after 780 ml. rapid venous hemor-
rhage = 48 ml./beat). In contrast to these
pulse pressure contours are those of con-
trol subject E. D. (Fig. 3) who, during his
exchange transfusion, shows no change in
the area or in stroke volume (control SV =
81 ml./beat; SV after 810 ml. exchange
transfusion = 81 ml./beat).

Pulse Rate. Hemorrhage increased the
pulse rate in eight of the nine subjects
(Table 5). The mean control pulse rate for
the nine subjects was 72 beats per minute.
During the period of hemorrhage the mean
pulse rate increased to 81 beats per min-
ute, a significant rise (p < 0.025). During
recovery this increased rate was main-
tained (mean = 80 beats/min. [p < 0.05]).
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ARTERIAL PULSE CONTOUR IN EXCHANGE TRANSFUSION
Femorol Artery Trocing-Exchonge Tronsfusion 1040 ml

E.D.G. 5-61-64

200-

10009
0 Control 11:15am Exchange Transfusion 11:31 am

270 ml

% IN 1 ' A\ < i k

12:11 pm 810 ml

2001

00- ~~ ~ ~ ~ ~ ~
\i

0-1040 ml 1:30 pm Recovery

FIG. 3. No change in the arterial pressure pulse contour area is seen in this control exchange
transfusion. Stroke volume is constant throughout the period of exchange transfusion.

In contrast, exchange transfusion increased
the pulse rate from a mean control value of
73 beats per minute to 74 beats per minute
during the exchange period and then to
78 beats per minute in the recovery period.
(Control subject T. G. showed no increase
in pulse rate during his exchange period.)
Comparisons of the mean increase of

pulse rate in rapid, slow, venous, and ar-

terial hemorrhages showed no appreciable
differences (mean increase in pulse rate:
rapid = 7 beats/min.; slow = 11 beats/
min., arterial = 11 beats/min.; venous = 8
beats/min.).

Cardiax Index (CI) and Stroke Volume
(SV). Tables 3 and 4 summarize the data
on cardiac index and stroke volume. The
mean control CI for the seven bled sub-
jects in which it was measured was 2.8 L./

m.2/min. + 0.3 (1 S.D. of the mean). The
mean CI immediately after hemorrhage
was 2.5 L./m.2/min. + 0.3. This difference
is not statistically significant (0.1 > p >
0.05). The CI fell after hemorrhage in all
except subjects S. K. (Fig. 11) and T. G.
(Fig. 10). Figure4 shows sequential car-
diac output changes with hemorrhage in
subject R. R. and demonstrates the de-
crease in CI that occurs after blood loss.
There were no significant differences in
the drop of CI immediately after hemor-
rhage between the rapid and slow rates of
blood removal or the venous and arterial
routes of blood removal. After exchange
transfusion CI remained the same or in-
creased slightly.

All of the bled subjects showed a de-
crease in stroke volumne after blood loss

Volume 166
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200-

B.? I100 `'mmHg

0 540 ml 12:48 pm
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SEAbATEA 1:T0IEAL:HMHE HES A.TE 29..TO.2P
0.SQe AM -. 290 ml. IN 5 MIW. 12.26 PM:

FIG. 4. The lower curve in each section represents dye dilution as sampled from the femoral
artery (FA) after indocyanine green injection into the superior vena cava (SVC). Circ. time
is the appearance time of dye from the injection site to the sampling site. The upper curve
represents the analog computer interpretation of the lower curve. The straight line portion of
the computer curve represents the exponential decay of the dye-dilution curve. A gradually
decreasing cardiac output occurs with increasing blood loss.

(mean control SV = 77 ml./beat; mean SV
after hemorrhage = 52 ml./beat)-a sig-
nificant decrease (p < 0.005). After rapid
hemorrhage the mean SV was 65%o of con-
trol compared to 72%o of control after slow
hemorrhage. After arterial hemorrhage the
mean SV was 61% of control compared to
82% of control when blood was removed
by the venous route. Stroke volume de-
creased further after the transient addi-
tional hemorrhage in four of the five sub-
jects in whom it was measured.
With exchange transfusion mean SV

changes were minimal, varying above and
below the mean control value by 6 to 9 ml.
per beat.

Total Peripheral Resistance (TPR).

The total peripheral resistance decreased
slightly after hemorrhage in five of the
seven subjects in whom the cardiac output
was measured (Table 3), but these de-
creases were not significant. The two sub-
jects whose TPR increased after hemor-
rhage were the only two who had rapid
arterial hemorrhages (subjects R. R. and
S. R.). The mean TPR for the entire bled
group in the initial control period was
1,434 dynes * sec. * cm.-5. This group mean
figure was 1,361 dynes sec. - cm.-5 in the
control period immediately before hemor-
rhage and 1,356 dynes-sec.-cm.-5 at 3-10
minutes afterwards, an insignificant change.
Rapid hemorrhages produced the great-

est changes in TPR. At 30 seconds after

722
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VENOUS HEMORRHAGE NWR A&MAI -

Intra-ArterIl (Brochiol) Pulse Contour and Central Venous Pressure

E.,* Effect of /0 Second Vmo/ Before Hemorrhage

.....* S S 5-33-73

C.Uf?
mmHgI

End of Valsalvo

FIG. 5. Paper speed on the two left upper tracings = 1 mm. per second; on the two lower
tracings = 25 mm. per second. The flattened tracing after hemorrhage indicates the absence
of effective cardiac output at the end of the Valsalva.

rapid arterial hemorrhage, mean TPR had
risen 31.9 per cent over its immediate pre-
hemorrhage control value, falling back to
23.0% over control by 5-10 minutes after-
ward. At 30 seconds after rapid venous

hemorrhage, mean TPR had dropped to
27.3% below its immediate prehemorrhage
value, rising back to 17.7% below control
by 5 to 10 minutes afterward. Slow ve-

nous and slow arterial hemorrhages, as well
as exchange transfusion, produced smaller
decreases in TPR.

Central Venous Pressure (CVP). In
every hemorrhaged subject CVP dropped
during the hemorrhage period or in the
immediate recovery period (Table 5).
With slow hemorrhage mean CVP de-
creased 1 mm. Hg in the recovery period.
With rapid hemorrhage CVP always

dropped during the hemorrhage period it-
self. There did not seem to be a difference
in CVP drop between venous and arterial
hemorrhages.
Exchange transfusion produced a mean

drop in CVP of 1 mm. Hg in subject E. D.,
while subject T. G. showed no change in
mean CVP during the exchange or recov-

ery periods.
Valsalva Maneuver. Typical responses

to the Valsalva maneuver before and after
hemorrhage can be observed in subject
S. B. (Fig. 5) and subject R. W. (Fig. 8,
9). Before hemorrhage the Valsalva ma-

neuver produces the typical changes which
have been well described previously by
Gorlin, Knowles, and Storey.4 As airway
pressure rises there is an abrupt increase
in CVP and arterial pressure, which is fol-

Volume 166
Number 5
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TABLE 4. Stroke Volume Measurements Before, During, and After Hemorrhage

Stroke Volume ml./beat

Recovery Period

Time After Last
Hemorrhage Period Transient Hemorrhage (min.)

Control Additional 16-110 55-215
Subject Type of Hemorrhage Period 1 2 3 Hemorrhage Mean =70 Mean = 131

C. R. Slow venous - - -
A. F. Slow venous
T. G. Slow venous 66 61 61 56t 47 60 72
S. B. Slow venous 66 59 62 49t 55 67

Mean 66 60 62 53t 47 58 70

S. K. Rapid venous 61 48** - - 38 60 52
R. W. Rapid venous 71 48** 54*** - 67 - 64

Mean 66 48** 54*** 53 60 58

P. Q. Slow arterial 105 85 78 71t - 90 100

R. R. Rapid arterial 85 58** - 42 51 67
S. R. Rapid arterial 82 35** 44*** - 43 48 45

Mean (Rapid arterial) 84 47** 44*** - 43 50 56

Controls
E. D. Exchange transfusion* 81 82 87 81 - 84 87
T. G. Exchange transfusion* 68 50 72 68 68 63

Mean 75 66 80 75 68 84 75

* Exchange Transfusion: Simultaneous withdrawal
no net deficit.

** 30 seconds after hemorrhage.

lowed shortly thereafter by a fall in arterial
pressure. With the Valsalva maneuver sus-
tained, the arterial pressure begins to level
off. At the moment straining is stopped
there is an abrupt fall in CVP and a tran-
sient further drop of arterial pressure co-
incident with a delayed return of blood to
the left ventricle secondary to refilling of
the pulmonary vascular tree. A rebound
rise, or overshoot phase, of arterial pres-
sure then occurs, which in turn is followed
by a reflex bradycardia.

After hemorrhage the arterial pressure
is lower than before hemorrhage, and res-
piratory fluctuations are marked. At this
time even a less forceful Valsalva maneu-
ver causes a greater drop in arterial pres-

and infusion of blood by two venous catheters resulting in
*** 5 minutes after hemorrhage.
t 3-10 minutes after hemorrhage.

sure and a very blunted or absent over-
shoot phase. The right side of Figure 5
shows the end of the Valsalva maneuver
both before and after hemorrhage. After
hemorrhage the arterial tracing is almost
flat, an indication that effective left ven-
tricular output is minimal.

Electrocardiographic changes with the
Valsalva maneuver after hemorrhage are
seen in Figure 6 (subject P. Q.). The in-
creased heart rate during the Valsalva is
followed afterwards by bradycardia. The
6th and 7th heart beats after Valsalva show
an inverted T wave. The 9th and 12th heart
beats are ventricular premature beats, a
possible indication of transient myocardial
irritability and/or ischemia. These electro-
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FFECT OF ..YVALSALVA....ONk.... ELECTROCARDIOGRAM

P.C. * 5 -75..6 LEAD m

FIG. 6. The increased heart rate during the Valsalva is followed by marked bradycardia.
The 5th, 6th, and 7th beats after the Valsalva show inversion and flattening of the T wave.
The 9th and 12th beats are ventricular premature beats.

cardiographic changes were not seen with
Valsalva before hemorrhage.

Cardiac output measurements made dur-
ing the Valsalva maneuver are unreliable
because of the nonsteady state conditions.
The complete holdup of a dye bolus in-
jected during the performance of a Val-
salva maneuer, however, is impressive evi-
dence of a marked temporary cessation of
effective left ventricular output (Fig. 7).
This temporary holdup of the dye bolus
was noted in three of the five subjects be-
fore hemorrhage and in all five subjects
after hemorrhage.

Breath Holding. Figures 8 and 9 show
typical effects of breath holding and the
Valsalva maneuver in subject R. W. before
and after a rapid venous hemorrhage. Ex-
piratory breath holding (EBH) did not

impose a significant circulatory stress. Ar-
terial pressure and CVP showed no consis-
tent change over control values. Inspiratory
breath holding (IBH) at maximal vital ca-
pacity produced bradycardia, a rise in CVP
(5 mm. Hg), and a rise in systolic and di-
astolic pressure before hemorrhage. After
hemorrhage IBH produced slight brady-
cardia and a rise in CVP (3 mm. Hg), but
with a depression of arterial blood pres-
sure. Cardiac index decreased consistently
with IBH-this decrease being greater af-
ter hemorrhage than before hemorrhage
(Table 6). IBH was associated with a de-
crease in CI in two of the three volunteers
after hemorrhage. Mean CI dropped more
with IBH than with EBH both before and
after hemorrhage in the three subjects in
whom these comparisons could be made.
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TABLE 5. The Lfect of Hemorrhage on Pulse Rate and Central Venous Pressure

Central Venous Pressure
Pulse Rate (Beats/min.) (mm. Hg.)

Hemorrhage Recovery Hemorrhage Recovery
Control Period Period Control Period Period

Subject Type of Hemorrhage Mean Mean Mlean Mlean Mlean NIean

C. R. Slow venous 60 67 65 - - -
A. F. Slow venous 64 71 67
T. G. Slow venous 73 84 83 2 2 1
S. B. Slow venous 80 91 89 4 4 3

Mean 69 78 76 3 3 2

S. K. Rapid venous 75 88 86 3 2 2
R. W. Rapid venous 77 74 76 5 4 4

MIean 76 81 81 4 3 3

P. Q. Slow arterial 68 81 85 3 4 2

R. R. Rapid arterial 73 86 77 3 2 1
S. R. Rapid arterial 76 83 94 3 2 1

Mean (Rapid arterial) 75 85 86 3 2 1

Controls
E. D. Exchange transfusion* 76 77 78 6 5 6
T. G. Exchange transfusion* 70 70 77 4 4 4

Mean 73 74 78 5 5 5

* Exchange Transfusion: Simultaneous withdrawal
no net deficit.

Representative Individual Hemodynamic
Patterns

1. Subject T. G., #1-20-61. Slow Ve-
nous Hemorrhage. 784 ml. in 79 minutes
(Fig. 10). A decrease in CI is seen only
after the transient additional hemorrhage
of 100 ml. Mean arterial blood pressure
decreased gradually by 11.5% during hem-
orrhage, and mean CVP decreased 1 mm.
Hg in the recovery period. The decrease in
BP is mainly in the systolic component.
Pulse rate gradually rose with hemorrhage.
Comment. Hemodynamic changes devel-

oped very gradually in this slowly bled
subject.

2. Subject S. K., #5-83-42. Rapid Ve-
nous Hemorrhage. 810 ml. in 14 minutes
(Fig. 11). Cardiac index increased slightly

and infusion of blood by two venous catheters resulting in

after hemorrhage. In spite of this there was
a marked transient fall in systolic and di-
astolic pressure associated with a marked
fall in TPR. Central venous pressure fell
during hemorrhage and during the tran-
sient additional hemorrhage. Pulse rate
rose as the hemorrhage increased.
Comment. This subject was the only one

to show an increase in CI immediately af-
ter hemorrhage. Though CI and pulse rate
increased, he was still unable to maintain
arterial pressure because his TPR dropped
markedly.

3. Subject P. Q., #5-90-48. Slow Arte-
rial Hemorrhage. 825 ml. in 107 minutes
(Fig. 12). Cardiac index was unchanged
until 30 minutes after bleeding when it
rose from 3.0 L./m.2/min. to 4.0 L./m.2
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/min. With this rise in CI, TPR fell but
arterial pressure remained practically un-
changed (2.8%o mean decrease). Central
venous pressure dropped during the sec-
ond and third blood removal periods. Pulse
rate rose gradually during the study.
Comment. Hemodynamic changes were

gradual to develop during this slow bleed.
4. Subject S. R., #5-96-27. Rapid Ar-

terial Hemorrhage. 780 ml. in 19 minutes
(Fig. 13). Cardiac index decreased imme-
diately after hemorrhage. Arterial pressure
fell precipitously during hemorrhage, but
returned to almost baseline value by the
end of hemorrhage. Total peripheral resist-
ance increased markedly after hemorrhage.

> Central venous pressure fell during hemor-
2 rhage and the transient additional hemor-
E rhage. Pulse rate increased just before the
=t hypotensive episode to 100 beats per min-
> ute, but then fell to 73 beats per minute

as arterial pressure returned towards base-
e line value.

Comment. Transient hypotension was not
c associated with bradycardia in this subject.
CS 5. Subject T. G., #1-20-61. Control:
E Exchange Transfusion. 784 ml. in 81 min-
,. utes (Fig. 14). Mean CI increased gradu-
c ally with exchange transfusion, then de-
<U creased and returned to control value after-
CS wards. Three hours later mean CI showed
> a second rising trend. Arterial pressure and

CVP showed no change. Pulse rate in-
>~ creased from a mean of 70 beats per min-
.~ ute during the control and exchange trans-

fusion periods to a mean of 77 beats per
,,, minute during the recovery period.
Cd Comment. This subject, who showed

minimal hemodynamic changes with his
slow venous hemorrhage study 6 months
earlier, shows even fewer changes with his

O exchange transfusion.

Discussion
.0~~~~~~~~~~~1Shenkin and co-workers 17 using healthy
H men, categorized the effects of hemorrhage
* into three stages of severity. The first stage

was characterized by the absence of symp-
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22 -A-:.. A ....J.e..a. ,*C.X .&.

22sec.5
105 MIN. AFTER 800 ml BLEED

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

FIG. 7. The complete holdup of the cardiogreen dye bolus performed 105 minutes after an
800 ml. slow venous hemorrhage in subject S. B. is shown during a 16 second Valsalva. The
22 second appearance time indicates that the dye bolus appeared at the brachial artery sam-
pling site 6 seconds after the end of the Valsalva. A low cardiac index value of 2.3 L./m.2/min.
was obtained in this instance.

toms and by a pulse rate and blood pres-
sure within normal limits when lying down.
On standing, however, pulse rate increased
and blood pressure decreased significantly.
In the second stage pulse and blood pres-
sure showed no changes at rest, but syn-
cope occurred rapidly on standing. In the
third stage sweating, restlessness, and syn-
cope, with profound hypotension and bra-
dycardia occurred even though the subject
was lying down. The effects of hemorrhage
reported in this paper do not uniformly
coincide with Shenkin's categories.

Transient hypotension plus bradycardia,
commonly known as vasovagal syncope * 7

occurred in three of the nine bled subjects
after approximately 750 ml. blood loss.
Two of these three subjects, R. W. and
S. R., had rapid hemorrhages, one venous
and one arterial, respectively. Subject A. F.
had a vasovagal episode after only 520 ml.
of slow venous hemorrhage. In contrast,
one subject (S. K.) developed an increased
pulse rate with his transient precipitous
hypotension following an 810 ml. rapid ve-
nous hemorrhage.
Rapid hemorrhage caused a greater and

briefer change in blood pressure, CI, and
stroke volume than did slow hemorrhage.
While rapid blood loss produces more dra-
matic hemodynamic changes, slow blood
loss-especially from the veins-may well
represent a much greater hazard to a

' Vasovagal syncope: as recently differenti-
ated from vagovagal syncope.7
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EFFECT OF BREATH HOLDING AND VALSALVA ON ARTERIAL BLOOD PRESSURE
Femoral Arterial Tracing - Recorder Speed 1 mm/sec

BEFORE HEMORRHAGE

Venous Hemorrhage
11:04 am - 11:19 am
780 ml 15% BV

'-EBH-4
30-

20O

0-

Expirotory B.H. 10:01 am

R.W.# 5-97-52

40- -4VS I-
30-

Alveolar 20-
Pressure
95mmHg A

Va s a 0...Valsalva 10;15 am

-- 1BIBH -I
RIGHT
ATRIAL 201
mmHg

0
................a' .x.i....m.....u.' 'I 'i 'a....t... r...y........B....r'e....a....t~ .........

10:07 am

FIG. 8, 9. Breath holding: The bradycardia seen with inspiratory breath holding ( (IBH) is
not oblerved with expiratory breath holding (EBH) in the tracing before hemorrhage. Non-
respiratory oscillations in arterial pressure (0.05 cycles/second) are seen in the IBH tracing
before hemorrhage. Right atrial pressure rises gradually with IBH. After hemorrhage arterial

bleeding patient. The prolonged hypoten-
sion in the slow hemorrhage group and in
the venous hemorrhage group gives sup-

port to this concept.
Nonrespiratory Oscillations of Arterial

Pressure. Race and Rosenbaum 14 have de-
scribed nonrespiratory oscillations in sys-

temic arterial pressure in dogs before and
after graded hemorrhage and after infusion
of pentolinium, epinephrine, norepineph-
rine, and angiotensin II. Maintenance of
systemic arterial pressure depends on a

control system containing multiple feed-
back loops, among which are the carotid
and aortic baroreceptors, cerebral ischemic
response, and chemoreceptors.13 As sug-

gested by Race and Rosenbaum, the in-
crease of amplitude and frequency of the

blood pressure fluctuations after hemor-
rhage in the present studies is probably,
at least in part, due to nonlinearity in the
baroreceptors causing changes in input
pressure to be reflected in changes of gain
at the receptor site.
Race and Rosenbaum 14 noted an in-

crease in the nonrespiratory oscillations
after hemorrhages greater than 20% of
the blood volume. Subject R. W. (Fig. 7)
showed less prominent nonrespiratory os-

cillations after blood loss in the IBH trac-
ing than in his control period. This conflict-
ing finding may be due to different experi-
mental conditions and a smaller hemor-
rhage volume in this study.

Pulse rate. An increased mean pulse rate
during hemorrhage developed in eight of

B. p
mmHg

RIGHT
ATRIAL
mmHg

200-

B.P
mmHg

40-

30-
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EFFECT OF BREATH HOLDING AND VALSALVA ON ARTERIAL BLOOD PRESSURE
Femoral Arterial Tracing - Recorder Speed i mm/sec

160-

iIIbulliJlIliimnUu,iiIhIIIillIiulllllIIIIIIIIIIIIIIIIh,lhIIIUi..

AFTER HEMORRHAGE
Venous Hemorrhage
11:04 am - 1:10am
780ml 15%BL

1- EBH--

01
H......

Expiratory B. H. 11I:30am

R.W. #5-97-52
160-

o00-Ilii

0-
-AVS I.

30-r-

Alveolar 20-
Pressure
50mmHg o-

Valsolva 11:42am

0-
IBHB - IBH -

30-
IT 20
IAL

o--_

.....I...........................................................................................

Maximum Inspiratory Breath Holding 11:34 am

pressure does not change with EBH, but drops significantly with IBH. Valsalva: A typical
Valsalva with pronounced overshoot and reflex bradycardia is shown before hemorrhage. After
hemorrhage the arterial pressure drop is greater, even though airway pressure is less, and the
overshoot and bradycardia are absent.

the nine subjects (p < 0.025). Shenkin and
his co-workers 17 reported that slowing of
the pulse was more common after a large
hemorrhage. He concluded that the pulse
rate could not be used to diagnose hemor-
rhage. (The mean amount and duration
of Shenkin's large bleeds was 1,029 ml. in
14.1 minutes.) In the present studies, al-
though bradycardia occurred transiently in
three of the four subjects who developed
precipitous changes in blood pressure, only
in subject, R. W., was it persistent through-
out the hemorrhage and recovery periods.
In most of Shenkin's studies, the observa-
tion period was short and confined to the
actual hemorrhage period-hence his find-
ings of consistent bradycardia in contrast

to the increased pulse rate seen after hem-
orrhage in this study.

Arterial Pressure Pulse Contours. The
first clinical estimation of cardiac output
from pressure pulse contours in man was

made by Erlanger and Hooker in 1904.3
These workers investigated pulse rate and
arm cuff blood pressures under varying
physiological conditions and attempted to
relate the product of these measurements
as an index of the relative velocity of blood
flow.
Warner and co-workers,22 testing the

theoretical basis for measuring the beat to

beat changes in stroke volume from the
central arterial pulse contours in man

(using the left subclavian artery or the
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aorta), found good agreement between
this method and the standard methods of
cardiac output estimation using the direct
Fick or dye-dilution principle.
Although quantitation of the stroke vol-

ume from the femoral artery pulse contours
was not attempted in the present studies,
it is significant that the area under the
femoral artery pressure pulse curve was

uniformly reduced after hemorrhage in all
of the bled subjects. As Herd and co-

workers 6 point out, pulse pressure area

and stroke volume would be proportional
to each other only if heart rate remains
constant. In subject R. W. (Fig. 2) there
was no significant change in pulse rate. A
direct ratio between area and stroke vol-
ume, therefore, can be observed in his
study only.

Annals of Surgery
November 1967

FIG. 10. Slow venous
hemorrhage: Cardiac in-
dex (CI) drops only
after the 100 ml. tran-
sient additional hemor-
rhage (dots are mean
values; bars represent in-
dividual separate values).
Systolic pressure de-
creases slightly. Mean
central venous pressure
drops only in the recov-
ery period (by 1 mm.
Hg). Pulse rate shows
a gradual rise. (TPR =
total peripheral resist-
ance.)

The two control subjects having ex-
change transfusions did not show this re-

duction of arterial pulse contour area.

Cardiac Index and Stroke Volume. Car-
diac index fell with blood loss in five of
the seven subjects in whom it was meas-

ured, but this fall was not statistically sig-
nificant (0.1 > p > 0.05). Stroke volume,
however, fell in all seven of these subjects
(p < 0.001). (Mean control CI was 2.8
+0.3 L./m.2/min. [1 S.D. of the mean].)
Guyton 5 has pointed out that comparison
of CI values among individuals is not al-
ways meaningful because cardiac output
does not relate closely to body surface area.

This probably explains the standard devi-
ation of 0.3 L./m.2/min. seen in the mean

control CI value for the entire group.
When CI is compared within an individual,

VENOUS HEMORRHAGE IN NORMAL MAN
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FIG. 11. Rapid venous
hemorrhage: This is the
only bled subject whose
CI increased after hemor-
rhage. Central venous
pressure drops toward
the end of the bleed.
Arterial pressure and
TPR drop precipitously
for a brief period after
hemorrhage. These drops
are associated with a rise
in pulse rate.
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however (by multiple cardiogreen injec-
tions approximately 45 seconds apart), the
reproducibility of CI measurements at any
given time is demonstrated (Fig. 13, sub-
ject S. R.). The largest variation found on

a clustered series of dye-dilution injections
during the entire study was that of subject
T. G. 2A2 hours after exchange transfusion
(mean CI = 3.7 1.4 L./m.2/min. [1 S.D.
of the mean]).
Warren, Stead, and co-workers,20'23 using

the direct Fick method with 2-minute col-
lections of expired gas for the determina-

FEMORAL
ARTERY
PRESSURE
mmHg

CENTRAL
VENOUS
PRESSURE
mmHg

miL __k
2 3
HOURS

tion of cardiac output, were unable to de-
tect consistent changes in cardiac output
after hemorrhage in normal volunteers.
Two possible sources of error are present
in Warren's studies. It is likely that 2-min-
ute periods of expired gas collection are
too brief for a steady state determination
of oxygen consumption. Also, as pointed
out by these authors, variations in cardiac
index may result from difficulties encoun-
tered in obtaining true mixed venous blood
samples.
Use of the analog computer to analyze
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cardiac output dye-dilution curves has
been reported recently by Sinclair, Duff,
and MacLean.'8 These authors found no

difference between cardiac output values
obtained from computer analyzed curves

and those from manual Stewart-Hamilton
replots.

Total Peripheral Resistance (TPR).
The lack of generalized increase in arteri-
olar vasoconstriction which has been noted
by Warren and co-workers 3 was also noted
in this study. Of the seven bled subjects
in whom TPR was measured the only two
whose TPR increased after hemorrhage
were the two who underwent rapid arterial
hemorrhages (subjects R. R. and S. R.)
(Fig. 13, subject S. R.). The lack of a con-

sistent rise in TPR after hemorrhage may

be related to a predominant increase of
epinephrine secretion, a catecholamine

Annals of Surgery
November 1967

FIG. 12. Slow arterial
hemorrhage: CI drops
very little with hemor-
rhage. As CI increases
after hemorrhage, TPR
drops while arterial pres-
sure stays constant. CVP
drops 1 mm. Hg (mean)
after hemorrhage.

fraction which lowers the peripheral
resistance.24' 25

Central Venous Pressure (CVP). The
small but important fall in CVP observed
with hemorrhage was associated with a

transient decrease of venous return, a de-
crease which was reflected by a slight drop
in cardiac output. Warren and co-workers 23
also noted a fall in right atrial pressure
with hemorrhage, and concluded that there
was no compensatory mechanism to main-
tain a constant pressure. Pappenheimer and
Soto-Rivera,12 however, showed that this
decrease in venous pressure is a potent
stimulus to the transcapillary refilling * of
the blood volume after hemorrhage, a

* Transcapillary refilling describes an influx of
new fluid into the plasma volume from an area

not formerly included in the 40-minute distribu-
tion volume of Evans blue.8
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FIG. 13. Rapid ar-
terial hemorrhage: As
bradycardia occurs dur-
ing hemorrhage, CI and
arterial pressure drop
sharply and transiently.
TPR increases markedly
as arterial pressure re-
turns rapidly to a nor-
mal range. CVP drops
markedly during the
bleed. Pulse rate gradu-
ally rises throughout the
study.
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mechanism which will eventually restabi-
lize the venous pressure at its previous nor-

mal value.
The Valsalva Maneuver. The Valsalva

maneuver has been used to test vasomotor
control of the circulation.4 16 Recently Cof-
fin, Gann, and Drucker 1 studied the effect
of the Valsalva maneuver in the anesthe-
tized dog after graded hemorrhage, reinfu-
sion, and subsequent overexpansion with
dextran and saline. Their results suggest
that this maneuver may be a useful test to
measure effective circulatory volume. On
application of a positive airway pressure of
20 mm. Hg for 10 seconds, normovolemic

dogs showed a definite Valsalva overshoot
phase, whereas the hypovolemic dogs
(bled 20%o of their blood volume) lacked
the overshoot phase. A similar lack of the
overshoot phase after hemorrhage in the
dog had been noted previously by Sarnoff
and co-workers.16

In the present studies almost all of the
volunteers showed an overshoot phase asso-

ciated with a reflex bradycardia before
hemorrhage. When the Valsalva maneuver

was tested after hemorrhage, five of the
nine subjects did not show an overshoot
phase or bradycardia. It is likely that larger
hemorrhages would consistently abolish
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the overshoot and subsequent bradycardia.
The reduced stroke volume which occurs
after hemorrhage may be partly responsi-
ble for the failure of the overshoot phase
to occur. In all nine subjects, the Valsalva
following hemorrhage produced a greater
drop in arterial pressure than it did in the
control period, even though the maximum
airway pressure was less than before
hemorrhage.

Stone, Lyon, and Teirstein 21 state that
the tachycardia and secondary rise in blood
pressure which occur just before the end
of the Valsalva infers reflex vasoconstric-
tion. After hemorrhage, however, when the
effects of increasing airway pressure ac-
centuate the reduction in central blood vol-
ume, tachycardia may not be sufficient to
maintain cardiac output, thus a secondary
rise in blood pressure will not occur. This
is observed in the Valsalva tracings before
and after hemorrhage in subject R. W.
(Figs. 8, 9).
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Fic. 14. Exchange
transfusion (control): CI
gradually rises during ex-
change transfusion. Large
variation of CI is ob-
served 2Y2 hours after
exchange transfusion. Ar-
terial pressure fluctuates
in the control period and
then stabilizes. Mean CVP
does not change. Pulse
rate increases slightly.

The complete holdup of the dye bolus
with the Valsalva maneuver after hemor-
rhage in all subjects is impressive evidence
of temporarily impaired right and left ven-
tricular outflow. Even when barely dis-
cernible pulse contours were visible on the
arterial trace, the dye bolus did not appear
at the femoral artery sampling site until
the termination of the straining period
(Fig. 7).
The usefulness of this test in critically ill

patients is questionable. Although definite
changes in the Valsalva maneuver occur
with hypovolemia, performance of a satis-
factory test requires cooperative effort.
The patient in whom this maneuver might
provide useful information is the very one
who will have difficulty executing it. In
addition, transient myocardial ischemia
may be a hazard.
Breath Holding. Mithoefer 9 has recently

reviewed the physiological aspects of
breath holding. Breath holding is a stress
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on the circulation which seems to be less
severe than that of the Valsalva maneuver.

Changes in pulse rate and blood pressure

similar to those observed before hemor-
rhage in subjects R. W. (Figs. 8, 9), S. R.,
and R. R. have been previously described
by Muxworthy 11 in breath holding studies
in man. Muxworthy noted a fall in heart
rate, a rise in systolic and diastolic pres-

sure, and a decrease in the rate of finger
blood flow, pulse volume, and finger
volume.
Murdaugh and co-workers 10 in studies

in the harbor seal, Phoca vitulina, have re-

ported profound bradycardia, markedly
decreased cardiac output, and intense pe-

ripheral vasoconstriction which maintains
the blood pressure during diving experi-
ments. Arterial vasoconstriction is so in-
tense in the extremities of the diving seal
that these areas are, in effect, excluded
from the circulation.

In subject R. W. (Table 6, Figs. 8, 9)
bradycardia, decreased cardiac output, and
a rise in systolic pressure occurred with
IBH before hemorrhage. A slight rise in
CVP was noticed just before the breaking
point.* Calculated TPR increased to 2,420
dynes sec. cm.-5 during IBH, evidence of
intense arterial vasoconstriction similar to
that observed in the seal experiments.

After hemorrhage the cardiac index in
subject R. W. fell even more with IBH,
but peripheral resistance did not rise as

much (TPR after hemorrhage with IBH =
1,830 dynes sec. * cm.--5) and blood pressure

dropped to 98/52 mm. Hg. The further re-

duction in cardiac output may be due in
part to the reduced central blood volume
and decreased lung volume caused by
hemorrhage.23 Stubjects S. R. and R. R.
(Table 6) showed similar changes.

The higher cardiac index values seen

* "Breaking point" has been defined by Mit-
hoefer as "the voluntary termination of breath
holding in response to the development of a net
ventilatory stimulus too strong to be further re-

sisted by voluntary effort."9

with EBH support the view that EBH is a

more gentle circulatory stress than IBH.
The use of breath holding to evaluate car-

diovascular function and circulatory volume
adequacy needs further study.

Summary

The hemodynamic effect of acute blood
loss (15%o of the blood volume) has been
studied in nine normal male volunteers.
Cardiac output (dye-dilution), intra-ar-
terial blood pressure, central venous pres-

sure, and the response to the Valsalva
maneuver, and breath holding were tested
before and after hemorrhage.

Cardiac index decreased after hemor-

rhage in five of the seven subjects in whom
it was measured, but this fall was not sta-
tistically significant. Stroke volume de-
creased significantly in all the bled sub-
jects after hemorrhage (p < 0.005). Ar-
terial pressure pulse contours reflected this
decrease in stroke volume. Contrary to pre-

dicted changes, calculated total peripheral
resistance increased after hemorrhage in
only two of the seven subjects in whom it
was measured. The control subjects having
exchange transfusions did not show these
changes.

Central venous pressure decreased dur-
ing hemorrhage or in the recovery period.
Pulse rate increased significantly during the
hemorrhage period in eight of the nine sub-
jects (p < 0.025).
Rapid hemorrhages caused briefer and

more precipitous changes in blood pres-
sure, cardiac index, and stroke volume than
did slow hemorrhages. Venous hemorrhages
caused a greater and more prolonged drop
in blood pressure than did arterial hemor-

rhages. The significance of these findings is
discussed.
The Valsalva maneuver is a challenge to

the circulation which has pronounced car-

diovascular effects. These effects are more

noticeable in the presence of hypovolemia.
Breath holding is a more gentle hemody-
namic stress.
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