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Measuring the minute volume of blood flow
through an extremity at rest, or in response to
a physiological stimulus, offers a useful means of
evaluating the status of its vascular bed. Hew-
lett and Van Zwaluwenburg (1) used for this
purpose a plethysmograph based upon the prin-
ciple demonstrated by Brodie (2) wherein sudden
occlusion of the veins draining the limb produces
an increase in limb size, which can be used as a
measure of arterial inflow. If a limb is enclosed
in a rigid container the increase in volume can
be recorded in a variety of ways. Hewlett and
Van Zwaluwenburg (3) used air conduction and
optical recording ; more recently others have used
water or water and air conduction with a Brodie
bellows, Gad volume recorder, or a piston re-
corder. Experience has shown us that these
latter methods have concealed errors which be-
come apparent when replaced by air conduction
and optical recording. These are: (a) errors in
calibration due to a non-rigid closure of the open
end of the plethysmograph, (b) errors due to
involuntary movement of the extremity into and
out of the plethysmograph, (¢) errors produced
by rising intravascular tension secondary to venous
obstruction, (d) errors due to the effect of dis-
placement of blood from beneath the collecting
cuff. This report concerns itself with a study of
these errors, with means of eliminating them, and
with a comparison of five procedures commonly
used to produce dilatation of the vascular bed in
the lower extremity.

APPARATUS

A modification of the Hewlett and Van Zwalu-
wenburg leg plethysmograph (3) was devised
which has the following chief advantages: (a)
greater accuracy in calculation of minute blood
flow, (b) ease and accuracy of calibration, (¢)
rigid, air-tight, non-constricting closure of the
open end, (d) ease of application.

The plethysmograph (Figure 1) is made of cast

aluminum, formed like a boot with a capacity of
6,500 cc.! It is bivalved on its long axis and,
when fitted together about the leg, is closed with
a rubber gasket. A thin rubber pad (not shown
in drawing) is interposed between the sole of the
foot and the boot wall upon which it rests. To
keep the air surrounding the limb at a constant
and at any desired temperature, the plethysmo-
graph is immersed in a water bath. After im-
mersion, the boot is anchored firmly by a sliding
gate, made water-tight with a sponge-rubber
gasket (Figure 1).

The space between the leg and boot wall at its
mouth is filled with fast-setting plaster of paris
(Figure 1). A cardboard ring supported by a
ledge in the boot wall prevents the plaster while
in its liquid state from falling into the plethysmo-
graph. Before the plaster becomes firm, the leg
is moved from side to side to create a 2 mm.
space between the skin and adjacent plaster.
When the plaster is firmly set the leg is with-
drawn 2 to 3 cm. and melted Unna paste is ap-
plied in a thick layer to the skin surface which
is to be in contact with the plaster. The leg is
quickly returned to its natural position in the
boot, the Unna paste (Figure 1) completely fill-
ing the crevice between the skin and plaster. A
generous application of melted Unna paste ap-
plied over the outer surface of the plaster and
for a distance of 3 cm. upon the skin of the leg
completes an air-tight, rigid closure of the plethys-
mograph without producing any venous obstruc-
tion. The elasticity of the Unna paste permits
slight voluntary controlled movement of the limb
which relieves the cramplike sensations accom-
panying prolonged experiments.

Volume changes of the limb within the plethys-
mograph are recorded optically with a Frank
segment capsule joined to the plethysmograph by

1 The plethysmograph for the foot alone has a capacity
of 3,200 cc.
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EX R T L AL Y
EEFFS LRy yRE )

Fic. 1.

DiaGRAM oF Boor PLETHYSMOGRAPH

(1) Calibrating stopcock, (2) rubber tube connecting plethysmograph with Frank segment
capsule, (3) plaster of paris seal, (4) sponge rubber gasket, (5) Unna paste seal, (6) collecting

cuff.

a piece of stiff rubber tubing 15 cm. long with
a bore of 1.2 cm.

Sudden obstruction to venous drainage from
the limb is accomplished in the conventional man-
ner by a blood pressure cuff (hereafter referred
to as the “collecting cuff ’) 6 cm. in diameter
(Figure 1) connected to a reservoir containing
air at the desired pressure. The moment at which
the collecting cuff is inflated is recorded by a
Frank segment capsule (Figure 2).

RESP

It is necessary (for reasons to be discussed
later in the paper) to have the plethysmograph
open to the atmosphere when the collecting cuff
is inflated and for a period of one second there-
after. This is accomplished as follows: A stop-
cock is introduced in the tube connecting the
pressure reservoir with the collecting cuff and
another in a side arm from the tube connecting
the plethysmograph with the Frank segment cap-
sule. A solenoid actuated by a time switch op-

Fic. 2. OpricAL Recorp oF PHAsIC BLoop Frow IN LeG

Resp. Movements of chest wall with down stroke denoting inspiration.
Coll. Cuff. Pressure changes in the collecting cuff.

Pleth. Limb volume changes as recorded by the plethysmograph.

Z. Denotes moment of collecting cuff inflation.

X-Y. Interval during which plethysmograph is open.

a-b. Rapid arterial inflow phase.
b—c. Arterial outflow phase.
¢-d. Slow arterial inflow phase.

A-B. Cycle from which blood flow calculation is made.
B-B. Ordinate representing net arterial inflow for cycle A-B.
Numbers represent value in cc. of the net arterial inflow for each successive

cycle.
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erates both of these stopcocks simultaneously.
When the timing switch is closed the solenoid
opens both stopcocks. Thus the plethysmograph
is open (Figure 2X) to the atmosphere at the
time the collecting cuff is inflated. When the
timing switch opens one second later, the solenoid
is released and a spring mechanism closes the
plethysmograph stopcock, thus allowing the vol-
ume changes of the limb to be recorded (Figure
2Y).

Calibration of the plethysmograph is accom-
plished by injecting or withdrawing a measured
volume of fluid through a stopcock (Figure 1)
into a small rubber bag within the plethysmograph.
This must be done with the extremity in situ and
with the arterial inflow completely obstructed by
pressure in the collecting cuff.

The natural frequency of the apparatus in situ
ranges from 50 to 100 per second over such a
range of sensitivity that a 1 cc. increase in the
fluid content of the plethysmograph produces a
light beam excursion of 2 to 10 cm. at a projec-
tion distance of 1.5 meters.

Immobility of the limb inside of the plethysmo-
graph is checked at the beginning of and during
each experiment by completely occluding the ar-
tery and observing whether or not any variation
in the plethysmograph volume occurs synchron-
ously with breathing. When involuntary move-
ment of the limb into and out of the plethysmo-
graph is noted, it is easily abolished by placing
a wide gauze bandage across the superior margin
of the patella and tying each end to the water
bath, thus anchoring the limb without producing
any venous obstruction.

Respiratory excursions of the chest wall are
recorded by a Frank segment capsule connected
with a pneumograph. The volume of the limb
contained in the plethysmograph is determined by
displacement. Brachial arterial blood pressure
determinations are made by a mercury manometer
and auscultation immediately after each measure-
ment of blood flow.

EXPERIMENTAL PROCEDURE

For these -studies the subject lies upon his back in a
Gatch bed with the hip and knee flexed about 35° and the
head and shoulders slightly elevated, thus bringing the
heart and the extremity being measured approximately to
the same level. This position is chosen because it pre-
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vents the development of hich venous pressure in the limb
and is known to be the posn.on best tolerated with com-
fort over a period of several hours. To obtain standard
experimental conditions, the following requirements are
observed: (a) severe exercise is prohibited for 24 hours
prior to a study, (b) smoking is not allowed within the
hour preceding and during a study, (¢) unnecessary talk-
ing and other disturbing influences are avoided during the
observation, (d) studies are begun 3 to 4 hours after the
last meal, (e) the subject, clad in trunks, reclines quietly
for 45 minutes in a room kept at a constant temperature
between 28 and 30° before being studied, (f) a lapse of
30 minutes is allowed after completing the application of
the boot plethysmograph before records are taken. This
allows the flow of blood to assume a constant level and
the heat in the setting plaster and melted Unna paste to
dissipate.

METHOD OF CALCULATING BLOOD FLOW

A typical record is shown in Figure 2. The upper
curve denotes respiratory excursions of the chest wall,
inspiration being represented as a down stroke. The
moment of inflation of the collecting cuff is signalled by
the sharp rise (Z) of the second curve. The lower curve
(time marker equals .04 seconds) is a record of the va-
riations in volume of the limb contained in the plethysmo-
graph. It is noted that with each pulse there is a rapid
increase in limb volume (a-b) followed by a small de-
crease (b—c), after which there is a gradual further in-
crease (c-d). In terms of blood flow each pulse shows
an initial large inflow followed by a small outflow which
in turn is followed by a gradual inflow of blood. Actually
each pulse (Figure 2, a-d) represents a net inflow of
arterial blood. That portion of the cycle (b—c) repre-
senting outflow merits more detailed discussion later.

It is apparent from these variations during a single
pulse that the net inflow (a single complete cycle) is the
smallest unit that can be used for measuring blood flow.
Methods using the gradient of any portion of a cycle for
calculating blood flow are distinctly in error. As the
curve rises, each successive beat forces a smaller net vol-
ume of blood into the leg because of rising venous re-
sistance. In this curve (Figure 2) the net flow per suc-
cessive beat is 2.0, 1.75, 1.6, 1.4 cc. This fact introduces
an error in all procedures using the volume of several
successive beats to calculate minute blood flow. To avoid
the error introduced by a rising venous resistance, the
first complete cycle following inflation of the collecting
cuff should be used as the unit most nearly representing
true arterial inflow. Use of this cycle, however, is com-
plicated by the fact that the collecting cuff as it is in-
flated squeezes an appreciable volume of blood from the
vessels underlying it into the tissues contained in the
plethysmograph. The effect of the displaced blood on
the limb volume cannot be differentiated by the plethysmo-
graph from the effect of normal arterial inflow. Optical
recording methods also show that this effect cannot be
avoided by varying the size or distances of the collecting
cuff from the plethysmograph as has been supposed by
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investigators using less sensitive, low frequency apparatus.
Since this action of the collecting cuff cannot be pre-
vented, the first cycle following the termination of its
effect becomes the earliest available cycle for measuring
blood flow. The time required to complete the displace-
ment of blood from beneath the collecting cuff is deter-
mined by completely occluding the arterial inflow to the
leg with an inflated cuff on the mid-thigh and then in-
flating the collecting cuff in its usual position with a
pressure of 80 mm. of mercury. The increase in limb
volume within the plethysmograph (Figure 3, A-B) re-

e ——

/ 70 G.C.

Fic. 3. DispLACEMENT oF FLuID FROM BENEATH
CoLLecTING CUFF

A-B. Magnitude of and time required for displace-
ment of fluid from beneath collecting cuff.

sulting from displacement of fluid by the collecting cuff,
even when of large magnitude, never requires more than
1.2 seconds. Consequently, the undesirable effect of the
collecting cuff can be circumvented by measuring the
increase in limb volume for one pulse cycle beginning at a
point (Figure 2-4) 1.6 seconds after inflating the col-
lecting cuff, regardless of the place in the cycle at which
this point falls. In order to nullify the error that might
be introduced by a sinus arrhythmia, the duration of this
cycle (Figure 2, A-B) must be equal to the average of
several cycles recorded during the flow measurement.
The ordinate value B-B* representing the net arterial in-
flow for one cycle is converted to cubic cm. and the net
arterial blood flow is expressed in the conventional man-
ner of cc. per 100 cc. limb substance per minute.

The sudden increase in limb volume produced by the
massaging action of the collecting cuff is not recorded
(Figure 2, X-Y) by the simple expedient of having the
plethysmograph open to the atmosphere during the time
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this event occurs.
described earlier.

In addition to errors resulting from inadequate ap-
paratus, imperfections in technique may be introduced by
variations in the individual being studied. Observations
show that records taken more frequently than every 2
minutes result in progressively smaller blood flows. Ap-
parently sufficient time (2 minutes) must be allowed after
each test for the accumulated blood to leave the tissues
in order to restore normal dynamic conditions.

This is accomplished by the apparatus

TABLE 1

Constancy of leg-foot blood flows taken at 2-minute intervals

R Bath | B Oral
Time [Blood] 21204 |Heart! tem- | tem: | tem: | tem: | S
9:36 | 8.0 | 104/66{ 71 | 28 45 43 37 80
9:38 | 7.4 |104/66| 65 | 28 45 43 37 80
9:40 | 7.6 | 104/66] 73 | 28 45 43 37 80
9:42 | 7.4 |104/66{ 71 | 28 45 43 37 80
9:44 1 7.9 | 104/66] 71 | 28 45 43 37 80

_ Blood flow is expressed in cc. per minute per 100 cc. leg
tissue.
Blood pressure and cuff pressure are expressed in mm.
of mercury. .
All temperatures are expressed in degrees centigrade.

TABLE II

Effect of blood pressure upon blood flow

R Bath

Time [Blood ‘:};’:;‘_’ Heart oo | path | oot | fr‘;f_
ov | Ty || pee | e | e | e | S0

11:00] 6.7 | 116/70{ 69 28 28 28 37 75

11:03] 6.6 | 116/70{ 57 28 28 28 37 75

11:12] 6.8 [ 116/70 58 28 28 28 37 75

HANDS IMMERSED IN WATER AT 11 DEGREES CENTIGRADE
FOR 5 MINUTES

11:20! 8.4 I 130/82| 68 | 28

28|28|37|75

It scarcely seems necessary to point out the absolute
necessity of blood pressure observations for interpreting
variations in blood flow. Nevertheless there is a con-
spicuous absence of such data in published reports con-
cerning this subject. Table II shows the influence of
blood pressure change upon the blood flow in the foot.
It is apparent also from the contour of the phasic flow
that if the heart rate is increased, even though there be
no change in systolic or diastolic pressure, there may be
an increase in the peripheral blood flow since it is the
latter part of the cycle that is shortened.

Table III shows that the pressure in the collecting cuff
can vary over a wide range with but little variation in the
recorded blood flow.
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TABLE III
Effect of lowering the collecting cuff pressure upon the
recorded blood flow

Blood Room | Bath | Boot | Oral Cuft

Time Blood pres- Heart| tem- | tem- | tem- | tem- pres-
fow | T || e | e | e | e | SR
8:00| 3.7 1120/72| 68 | 28 28 | 285 | 37 80
8:04| 3.9 |120/72| 69 | 28 28 | 28.5 | 37 60
8:07| 3.8 1120/72| 71 | 28 28 | 28.5 | 37 42
8:091| 3.4 {120/72| 68 | 28 28 | 28.5 | 37 35
8:12| 3.3 1120/72| 70 | 28 28 | 28.5| 37 25
8:15) 2.8 |1120/72| 70 | 28 28 | 28.5 | 37 15

The arterial backflow

The record shown in Figure 2 reveals a brief
reduction in limb size, b—, which is due to an
outflow of blood occurring in the presence of a
pressure of 80 mm. of mercury in the collecting
cuff. The only channels by which blood can
leave are the superficial and deep veins of the
leg, the bone canals and the arteries. Escape via
the veins under the inflated collecting cuff is ex-
cluded by a priori considerations and also by the
fact that it occurs during the first beat after in-
flating the cuff, i.e., at a time when the pressure
in the veins cannot conceivably overcome that
produced by the collecting cuff. Furthermore, it
varies greatly in magnitude in different individ-
uals and in the same individual under varying
conditions; in fact, it may be entirely absent.
Outflow of blood via vessels of the bones in the
foot and leg is not plausible since these vessels
join more superficial veins before they reach the
collecting cuff. We agree with Hewlett and Van
Zwaluwenburg (3) that by exclusion, the only
conclusion tenable is that the reduction in limb
size (Figure 2, b—c) represents arterial backflow.
We believe it to be a phenomenon normally pres-
ent in unimpeded blood flow in the extremities.

The forces responsible for arterial backflow
arise in the following manner: The discharge of
blood from the left ventricle into the aorta in-
itiates a pressure wave which is rapidly propa-
gated along the aorta and into its branches. This
pressure wave accelerates the flow of blood in the
regions through which it travels, producing a
wave of accelerated blood flow. Upon reaching
the terminal portions of the arterial tree, the mo-
mentum of this accelerated column of blood for
a brief period forces more blood into the small
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arteries and arterioles than can flow from them
into the capillaries. Consequently, for a moment
blood accumulates in the distal end of the arterial
tree. As the blood accumulates, it also decelerates
and a portion of its energy of flow is converted
into energy of lateral pressure. As a result, the
pressure of the accumulated blood in the small
arteries for a brief moment exceeds that of the
blood in the larger arteries, and arterial backflow
occurs.

The pressure relationships necessary to produce
this arterial backflow have been found to exist
in the limb of the dog by Hamilton and Dow (4)
and in the lower extremity of the human by
Hamilton, Woodbury and Harper (5). The dem-
onstration of backflow in arteries as far distal as
those of the foot requires that these vessels must
be included in the oscillating arterial system, the
reflected waves (not only pressure, but also actual
fluid displacement) from which influence the con-
tour of the arterial pulse in all segments prox-
imally located. This view has previously been
suggested by Hamilton (4) on the basis of ar-
terial pressure measurements.

Figure 4 shows the phasic flow of blood at
rest (A) and after the application of local heat
(K). The backflow (B-C) present normally is
abolished (D-E), presumably due to dilatation of
the arterioles and a consequent lessening of blood
accumulation in the small arteries with each heart
beat.

Figure 5 shows the phasic and net arterial
blood flow of the foot before (H) and after (I)
inhalation of amyl nitrite and before (J) and
after (K) sacral diathermy. Each of these pro-
cedures results in an increase of the initial inflow
phase (A-B), and an increase in the arterial back-
flow phase (B-C), with a reduction in the net
arterial inflow (D-E). In spite of an increase in
heart rate, the minute flow is reduced in each
instance. Because of the increase in the initial
arterial inflow phase (A-B), an oscillometer rec-
ord of these two observations would be errone-
ously interpreted as demonstrating an increase in
net arterial blood flow. Hewlett and Van Zwal-
uwenburg (3) called attention to this same error
in volume pulse recorders (oscillometers) in 1913.
We raise the point again to emphasize an impor-
tant observation which has been overlooked or
forgotten by numerous investigators.
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Resting blood flow studies

When the foot and leg are exposed to a tem-
perature of 45° C. for 30 minutes extraneous in-
fluences on the minute volume of blood flow are
minimized. Table I shows that under these con-
ditions the minute volume of blood flow does not
deviate more than 6 per cent from the mean. A
glance at the resting values for blood flows in
Tables I1I, IV, V, VI, VII and VIII reveals only

R,
. |
A
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slightly larger variations in the unheated leg, sug-
gesting that the foot and leg (more so than the
foot alone) represent a more stable vascular bed
than heretofore believed.

The same tables also show the well-known large
variations in values for resting blood flows ob-
tained in different individuals, even when deter-
mined under quite similar conditions. Resting
blood flow determinations in the same individual

K

Fic. 4 THE PHAsic BLoop FLow A. Berore aND K. AFTER Locar HEAT
IN THE SAME INDIVIDUAL
B-C. Phase of arterial backflow.
D-E. Absence of arterial backflow.

Fic. 5. THE EFfFect oF AMYL NITRITE AND SACRAL DIATHERMY UPON
PHasic Broop FrLow

H. Normal resting flow.

I. Same individual after inhaling amyl nitrite.

J. Normal resting flow.

K. Same individual after sacral diathermy.

A-B.
B-C.
C-D.
D-E.

Rapid arterial inflow phase.
Arterial backflow phase.
Slow arterial inflow phase.
Net arterial inflow.
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TABLE IV

Effect of the heat reflex on leg-foot blood flow
RESTING BLOOD FLOW

Bath | Boot | Oral
Time B‘;ood l:lroe(;t:l He:rt l}:::? teantl- tel'nf tem- gg.
ow | Tx [ree| e | pem | g | e | 3R
3:311 1.8 |106/70| 82 | 29.8 | 30 30 (373 70
3:38| 2.0 |106/70] 82 | 29.8 | 30 3 [373| 70

3:45—UPPER EXTREMITIES IMMERSED IN WATER AT 45
DEGREES CENTIGRADE

4:22]3.81108/721 89 | 29.8 | 30 | 30.5 | 37.3 | 70
4:26] 3.9 |1108/72| 92 | 29.8 | 30 | 30.5 | 37.3 | 70
4:36| 4.2 |108/72| 89 | 29.8 | 30 | 305|373 | 70

4:45—WATER BATH OF PLETHYSMOGRAPH
45 DEGREES CENTIGRADE

CHANGED TO

5:171 6.9 | 102/68 92 | 30 45 4 13731 70
5:19| 6.9 | 102/68| 89 | 30 45 4 1373170
5:23| 6.8 | 104/72| 89 | 30 45 4 373 70

TABLE V
Effect of sciatic nerve block on leg-foot blood flow
RESTING BLOOD FLOW

Room | Bath | Boot | Oral
Time Blood B'r":‘_i Heart| tem- | tem- | tem- | tem- C“E_
flow gu:e rate | pera- | pera- | pera- | pera- p:';e
ture | ture | ture | ture | ©

.0 1108/72| 80 | 27 27 28 37 175
.9 |112/70 80 | 27 27 28 37 1175
.2 | 112/70( 80 | 27 27 28 37 | 75

868
whow

SCIATIC NERVE BLOCKED WITH 10 PER CENT PROCAINE
(COMPLETE MOTOR AND SENSORY)

3:45] 6.0 | 112/70{ 71 | 27 27 30 37 75
3:571 5.5 | 108/70| 67 | 27 27 30 37 75
4:00 6.2 | 108/70] 71 | 27 27 30 37 75
4:10 6.2 | 108/70| 74 | 27 27 30 37 75

4:30—WATER BATH OF PLETHYSMOGRAPH CHANGED TO
45 DEGREES CENTIGRADE

5:05( 6.3 |108/66| 77 | 27 45 4 37 |1 170
5:15] 6.3 | 108/66| 76 | 27 45 4 -1 37 | 70

on different days under non-basal conditions
(Table VIII) show no constancy whatever, but
under strictly basal conditions (Table VIII) the
same individual shows a remarkably constant rest-
ing blood flow. This emphasizes the importance
of observing such basal conditions when making
blood flow determinations on the same individual
for comparative purposes.
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Minute blood flow in response to vasodilating
procedures

The response of the peripheral vascular bed to
vasodilating procedures frequently furnishes valu-
able clinical information regarding their capacity
for further dilatation. We have compared the
effect of five such procedures in normal healthy
young men and have studied the constancy of the
reaction of the one producing the maximum vaso-
dilatation. The methods studied are: (¢) heat
reflex method of Gibbon and Landis (6), (b)
sciatic nerve block (7), (¢) spinal anesthesia (8),

TABLE VI
Effect of spinal anesthesia on leg-foot blood flow
RESTING BLOOD FLOW

R Bath | Boo Oral
Time Bﬂlood %l:e‘;(_l He:,rt t:&n—‘ te“‘l:x- temE ternat- g_';f.
v | S || g | | g | g | B
3:07| 2.1 |112/72| 67 | 28 28 (28513721 70
3:09| 2.3 1112/72] 67 | 28 28 1285372 170

120 MGM. OF NOVOCAIN CRYSTALS INJECTED INTRATHE-
CALLY AT 2ND LUMBAR WITH COMPLETE MOTOR AND
SENSORY PARALYSIS TO AND INCLUDING D12

102/72| 57 | 28
102/72| 61 | 28

28.5
28.5

29.5 | 37 70

4:04]23
25 29.5 | 37 70

4:06

4:10—UPPER EXTREMITIES IMMERSED IN WATER AT 45
DEGREES CENTIGRADE

4:44 ) 4.0 |1 108/72| 66 | 28 29 29 1372 70
4:49| 4.2 1108/72] 63 | 28 29 29 13721 70
TABLE VII
Effect of sacral diathermy on foot blood flow
RESTING BLOOD FLOW

Roo Bath | Boo
Time l;l;md %lr"e‘f Hcfrt temtll ten‘t- ternf grt:! Er':g-
M| e e | e | e e | R
2:32]1 4.0 | 104/60] 64 | 28 28 28 | 37.2 | 65
2:34| 4.2 |110/60| 68 | 28 28 28 | 37.2| 65

DIATHERMY 1500 MILLIAMPERES APPLIED OVER SACRUM
FOR 30 MINUTES
3:30} 2.7

106/54| 67 | 28 28 29 | 37.8 | 65

3:35—WATER BATH OF PLETHYSMOGRAPH CHANGED TO 45
DEGREES CENTIGRADE
4:12 106/60| 67 | 28 45
110/64| 64 | 28 45

-0
I
-~y ~J3

44 376 | 65
44 | 376 | 65
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TABLE VIII
Constancy of effect of local heat under basal and non-basal conditions
NON-BASAL BLOOD FLOW
Resting blood flow Blood flow after local heat
Subject

Date Time | Bood | Bood | Heat | . | Biood | Blood | Hear

W.Z January 10, 1939 | 8:12 P.M. 5.6 112/72 72 8:56 P.M. | 6.3 | 112/72 60

8:15 5.2 112/72 70 8:58 6.2 112/72 68

9:05 7.2 112/72 70

Ww.Z January 11, 1939 8:28 P.M. 7.2 116/76 71 9:33 P.M. | 8.0 108/66 n

8:32 6.7 116/76 68 9:36 74 108/66 n
9:40 7.6 | 108/66 7.3

BASAL BLOOD FLOW

Subject Date Time Flood | pHood | Meart Time | Blood | Blood | Feart

W.Z. January 13, 1939 9:30 A.M. 2.1 98/66 41 10:23 AM. | 49 98/64 60

9:32 2.1 94/64 50 10:25 5.0 98/64 53

9:41 2.8 94/64 58 10:35 6.4 102/68 63

10:37 5.6 102/68 60

W.Z January 14, 1939 9:11 A M. 22 110/70 57 948 AM.| 4.0 108/64 62

9:13 2.1 110/70 55 10:07 54 110/60 62

9:16 2.1 110/70 55 10:15 5.2 | 110/60 64

AFTER BREAKFAST BUT NO MUSCULAR ACTIVITY

W.Z January 15, 1939 10:40 A M. 3.6 110/68 60 11224 AM.| 5.0 108/70 60

10:45 3.7 110/68 62 11:40 5.6 108/70 67

11:42 5.1 104/76 61

(d) sacral diathermy (10), (e) local heat ap-
plied for 30 minutes at 45° C.

Reflex heat. Table IV shows the typical reac-
tion obtained in 1 of 5 subjects resulting from
immersion of the hand and forearm of both upper
extremities in water at 45° C. for 30 to 45
minutes. In each individual this procedure pro-
duced an unquestionable increase in blood flow
above the resting level. When this was imme-
diately followed by local heat applied to the leg
in the plethysmograph, a further marked increase
was obtained in each instance.

Sciatic nerve block. Blocking the vasomotor
fibers in the sciatic nerve (Table V) produced in
each of 5 subjects a marked increase in blood
flow as compared to the resting minute volume.

In no case did reflex heat or local heat in the

presence of sciatic nerve block produce a further
increase in blood flow.

Sacral diathermy. Of 3 subjects studied by
applying diathermy (1500 M.A.) to the sacral
area, 2 showed an actual decrease and 1 a very

slight increase in blood flow (Table VII). All 3
responded with an increase in blood flow upon
the application of reflex heat immediately after
the diathermy.

Spinal lumbar anesthesia. Table VI shows the
effects upon blood flow in the foot and leg pro-
duced by spinal anesthesia from T-12 down.
Complete motor and sensory paralysis was pres-
ent in all 3 of the subjects so studied, 1 other
having the same level of anesthesia and the third
with anesthesia extending up to T-10. In no case
did we find any evidence of an increase in blood
flow as compared to the resting level. In each
case heating the upper extremities produced an
increase in blood flow in the presence of the motor
and sensory paralysis due to the spinal anesthesia.

Local heat. 1t is apparent from the foregoing
tables that the maximum dilatation occurs in re-
sponse to local heat and to sciatic nerve block.?

2 We realize that other procedures such as muscular
exercise and reactive hyperemia might cause a much
greater vascular dilatation but, for obvious reasons, they
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In the 5 subjects studied, our observations show
that local heat and sciatic nerve block, when ap-
plied separately, yield the same blood flow re-
sponse per individual within narrow limits, pro-
viding the conditions under which the measure-
ments are done are comparable.

If local heat is to be used as the stimulating
agent, the constancy of its response must be
known. A series of studies on the same individual
(Table VIII) shows that, under non-basal con-
ditions after a day of ordinary activity, the re-
sponse to local heating is fairly constant. This
equality of response, however, is conditioned by
one very important observation, as shown in Table
VIII. The same subject was studied on 2 days
under strictly basal conditions and on the third
day under basal conditions so far as activity was
concerned, but following the ingestion of a light
meal. On all 3 days the response to local heat
was in very close agreement but of significantly
less magnitude than after a day of muscular ac-
tivity. Apparently, muscular activity conditions
the response of the peripheral vascular bed to the
stimulus of local heat. Studies made upon the
same individual on different days for comparative
purposes must take this into account. It is prefer-
able to do all measurements under strictly basal
conditions.

DISCUSSION OF RESULTS OF DILATING PROCEDURES

We conclude that local heat for 30 to 45 min-
utes at 45° C. can be substituted to advantage for
the somewhat more formidable procedure of
sciatic nerve block to produce maximal peripheral
vascular dilatation, at least in normal individuals.
The application of this conclusion to diseased vas-
cular beds remains to be tested. It is conceivable
that vessels which are damaged or under the con-
trol of an abnormal autonomic nervous system
may not have the same response to local heat as
those in normal individuals. We also noted that
the blood pressure and heart rate fluctuate more
in response to local heat than to sciatic nerve block.

Our results with spinal anesthesia appear to
be at variance with those of Morton and Scott

would not be suitable agents for studying diseased vas-
cular beds. Moreover, the blood pressure and heart rate
changes accompanying exercise and the difficulty of con-
trolling the amount and rate of work done would seriously
complicate the interpretation of the results obtained.
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(8) and of Brill and Lawrence (9) who report
an increase in blood flow in the foot under simi-
lar conditions of spinal anesthesia. An elevation
of foot skin temperature was used by them as a
measure of increase in blood flow. A possible
explanation of our differences might be found in
the fact that their subjects were studied in a
room with a temperature much lower than ours
so that the blood flow of their subjects would be
expected to be much less than that of our subjects
at the beginning of the experiment. In fact, the
skin temperature of our subjects was 31 to 32° C.
on the dorsum of the foot at the beginning of
our experiments, a skin temperature virtually
equal to that obtained in the subjects of Morton
and Scott (8) after spinal anesthesia. For this
reason, it appears possible that our subjects at
rest before spinal anesthesia had blood flows es-
sentially as great as the subjects of Morton and
Scott after spinal anesthesia. Such evidence im-
plies that spinal anesthesia does not give complete
vasomotor nerve block. This implication finds
support in the fact that reflex heat produces an
increase in blood flow in the presence of com-
plete skeletal motor and sensory anesthesia. Since
spinal anesthesia does not produce an increase in
blood flow equal to that resulting from sciatic
nerve block, and since reflex heat is effective in
the presence of spinal anesthesia, it is reasonable
to assume that at least a part of the fibers mediat-
ing vasomotor impulses to the lower extremity is
intact in its presence. Of the various explana-
tions that might be offered for this situation, none
have sufficient experimental evidence supporting
them to warrant their exposition.

In regard to the use of skin temperatures as a
means of studying variations in blood flow, two
observations merit attention. We have measured
the blood flow in many subjects with skin tem-
peratures of 32 to 33° C,, finding values of only
2 cc. per 100 cc. per minute. In other words, a
relatively small blood flow will sometimes main-
tain a normal skin temperature. Also, 1 subject
having a foot skin temperature of 35° C. with a
blood flow of 3 cc. per 100 cc. per minute, showed
a further rise of only 1° C. (to 36° C.) when
the blood flow increased to 10.0 cc. per 100 cc.
per minute following sciatic nerve block. These
observations suggest that skin temperature deter-



282

minations mirror the changes in blood flow up to
a point beyond which the blood flow may increase
greatly with but little further rise in skin tem-
perature.

Our results with sacral diathermy do not sup-
port those reported by de Takats (10) who based
his evidence for an increase in blood flow through
the foot upon skin temperature determinations.
Skin temperature studies are in this particular in-
stance very untrustworthy since the body tem-
perature is elevated (1° C. or more) and also
since the blood flowing to the skin of the leg may
be warmed as it flows through the pelvis via the
iliac arteries. The actual decrease obtained in 2
subjects may be due to dilatation of visceral vas-
cular beds in the lower abdomen with a consequent
shunting of blood into these areas.

SUMMARY AND CONCLUSIONS

1. Despite many advantages of the Hewlett-
Van Zwaluwenburg plethysmographic method for
determining blood flow in the limbs, this procedure
—and even more its modification by subsequent
workers—has a number of hidden faults which
lead to inaccuracies in the estimation of flow under
different conditions. Among these are: the yield-
ing diaphragm surrounding the limb and closing
the plethysmograph, displacement of fluid into the
plethysmograph by inflation of the collecting cuff,
and lack of sensitivity of the entire apparatus.

2. A boot plethysmograph is described which
is easy to apply and calibrate, the open end of
which is sealed around the leg without constric-
tion by the use of plaster of paris and Unna paste,
and which is comfortable for prolonged periods
of study. The apparatus is connected to a Frank
segment capsule giving the entire system frequen-
cies up to 100 per second.

3. To obviate the artefacts incurred through
displacement of fluid into the plethysmograph by
the inflated cuff, an arrangement of stopcocks is
provided by which the collecting cuff is inflated
while the plethysmograph and recording capsule
remain open to the atmosphere; but exactly one
second later it is automatically closed and the
volume changes are recorded. The rise of a full
pulse beat starting exactly 1.6 seconds after in-
flation is used to measure the net flow per cycle.
From this the volume flow per minute per 100 cc.
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of leg substance is calculated in the conventional
manner.

4. The phasic arterial blood flow of the leg
recorded in this way for normal subjects at rest
in a warm room (28° to 30° C.), shows three
distinct variations during each cycle: (1) a rapid
systolic forward flow, (2) a slower smaller and
variable systolic backflow, (3) a slow forward
flow during diastole. The net arterial inflow de-
pends not only on 1 plus 3 but also upon the
amount subtracted by 2. All of these vary under
different circumstances. Since only the amplitude
(phase 1 above) of the pulse volume is recorded
by plethysmographs or oscillometers, these meth-
ods give no quantitative estimate of changes in
volume flow, and under some conditions they do
not even show the correct directional changes.

5. The resting flow determined by our proce-
dure remains constant within approximately 6
per cent of the mean during repeated determina-
tions within an hour. It varies greatly in different
individuals or in the same individual from day
to day unless strictly basal conditions are observed.

6. A study of various procedures suggested for
promoting a maximal blood flow in the leg shows
that direct application of heat and sciatic nerve
block are the most efficacious. Application of
heat to both upper extremities (reflex heat) pro-
duces an effect only about one-half as great. We
were unable to detect any increase in blood flow
following effective spinal anesthesia or sacral
diathermy.

7. Other procedures which affect heart rate or
blood pressure significantly influence blood flow
in a variable manner. Amyl nitrite, for example,
increases the amplitude of oscillations but often
causes an actual decrease in volume flow.

We wish to thank Professor Carl J. Wiggers for his
very helpful criticism and aid in preparing this manu-
script. We also wish to acknowledge the technical as-
sistance of Mr. William Zantiny, and to express our ap-
preciation to Messrs. B. S. Brown, M. Fisher and D. E.
Kirkham, who served as subjects for the most exacting
of the foregoing studies.
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