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7
GENERAL INTRODUCTIÓN

Theae investigations were started in connection with
preceding worK carried out in the Dermatological Department
and the Laboratory of Medical Physics dealing with the
quantitative description of the calf muscle pump (KUIPER
and BRAKKEE, 1971]. The effect of the muscle pump is a pressure
drop in the p a t i ë n t ’
s foot. In order to circumvent measuring
the pressure by the direct method the venous pressure in the
foot was derive'd from the volume of the foot by means of the
so-called p V - r e l a t i o n . This is the relation between the venous
pressure raised by venous congestion and the corresponding
limb volume increment measured plethys m o g r a p h i c a l l y .
In the present thesis attention has been paid in the first
place to the interpretation of the details in the volume record
needed for the determination of the pV-relation. Such a volume
record (Chapter IV-, figure 1) is brought about as follows:
after application of a cu.ff to the proximal part of the limb
and of strain gauges to the distal part the cuff is inflated
to a pressure between the resting venous pressure and the
diastolic blood pressure. Thereby the venous outflow is blocked while the. arterial inflow is not impeded. Hence the volume
of the limb increases by a rate which equals the arterial
inflow. Because the venous blood is confined to an elastic
environment the venous pressure rises; it Keeps rising until
it reaches the pressure that the cuff exerts on the veins.
Oncë this pressure has been reached the venous outflow is
restored and thereafter remains in equilibrium with the a r t e 
rial inflow. Then the limb volume has reached a plateau that
continues until the cuff is deflated again. The volume then
drops rapidly to a new resting level.
ChapteA I deals with the rising part of the volume record.
The slope of this part is assumed to be the value of the.undisturbed arterial inflow as mentioned above. However, this
assumption does not hold true when a cuff pressure is used
which is so low that it permits venous leakage to occur or
so high that it' impedes arterial inflow. Further when exceptional high flows. occur during reactive hyperaemia (DQRNHORST,
1963) the arterio-venous pressure difference in the congested
limb decreases rather rapidly. This may considerably impede.
arterial inflow especially because the arterial pressure itself drops at the very start of reactive hyperaemia.

ChapteA 11 deals with the volume plateau during sustained
venous congestion. This plateau exhlbits a slow and linear rise
which increases w i t h higher cuff pressure (Chapter III, figure
1). The slope of this plateau is generally assumed to be equal
to the 'capillary filtration rate. However, if e.g. viscoelastic effects influence the slope of the plateau the assumption does not hold true. These considérations have therefore
given rise to a comparison of three methods of measuring c a 
pillary filtration during venous congestion.
ChaptQA ITI treats the pV relation and the capillary
filtration in patients suffering from venous oedema. In the
Dermatological Department t h e .impression had arisen that the
pV-relation pertai n i n g to these patients was rather shallow
and that the c a p i l l a r y ■
filtration rate derived from the slope
of the congestive plateau w a s rather low. This impression has
been experimentally confirmed; in addition, an explanation is
being furnished as follows: there is a difference between the
elastic properties of the tissue surrounding the blood vessels
in a condition of oedema and those in the same tissue after
the oedema has been treated.
Chaptzh. IV discusses' the volume decay after release of
venous congestion. The development of the volume decay can be
subdivided into a steep first phase, a slowing down or even a
transient volume increase.in a second phase and an exponential
third phase more shallow than the first. T h i s .development can
be explained by measurable circulatory parameters, by an effect
caused by the presence of the collecting cuff, and by a t r a n 
sient increase of the arterial inflow after release of congest
ion.
The thesis is divided into four chapters each of which
can be read as separate entities x)
L^t&iatuAz:
Dornhorst, A . C . :Hyperaemia induced by exercise and ischaemia.
Brit. med. Buil.

19: 137-140 (1963).

Kuiper, j.p. and Brakkee, a . j .m . :Unblutige Venendruckmessung.
Der Hautartzt 22:153-159

x)

(1971).

It is intended to publish these chapters separately at a
later date.
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CHAPTER I

THE OPTIMAL CUFF PRESSURE FOR
b l o o o FLOW MEASUREMENT

plethysmographic

ï. INTRODUCTION
Reactive hyperaemia induced by arterial occlusion (OORIMHORST,
1963) is often measured to examine the arterial system of the
human limbs. Figure 1 shows the development of the hyperaemic
flow in the calf of a healthy subject measured by us plethysm o g r a p h i c a l l y . The experimental method is described by various
authors (HEWLETT and VAN ZWALUWENBURG, 19Ü9; WHITNEY, 1953jBRAKKEE and VENORIK, 1966).

T im e (s e c )

FI quA.2, 1:
Blood flow during rest and during reactive hyperaemia of the
calf after 8 miuutes of circulatory arrest.
The end of occlusion is t = 0.

Patients suffering from ai'terial occlusive diseases mostly
have a reduced hyperaemic flow (GASKELL, 1956; DELIUS, 1969;
GOTTSTEIN, SEDLMEYER and SCHÖTTLER, 1969; STOREN and AKRE, 1969)
Figure 2 gives a plethysmographically measured example. The
initial flow is low as compared with normal peak flows and it
takes a long time before the flow begins to decrease. P l e t h y s m o 
graphically measured hyperaemic flows of healthy forearms appear
to depend on the length of the occlusion period, as shown in
Figure 3 (PATTERSON and WHELAN, 1955). The peak flows are not
considerably Increased by prolonging the period of circulatory
arrest. However, the time at which the flow decreases is delayeH

T im e (sec>

FiguAZ 2:
Reactive hyperaemia in the calf of a patiënt suffering from
arterial obstruction. Note thé low initial flow and the
long lastine hyperaemia CRASKELL, 1956).
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T im e (m in )

TI q u AQ, 3:
Reactive hyperaemia after 3, 5, 10 and 15 minutes occlusion of
the arm, Note the peak flow changing not much, but lasting longer
w i t h increasing occlusion time (PATTERSON and WHELAN, 1955).
It is found that the result of a plethysmographic flow measurement depends on the cuff pressure used (FRIEDLAND, HUNT and
WILKINS, 1943). This gives rise to the question which range of
cuff pressures is suitable' for the measuring of blood flow.
It is not inconceivable that the initial plateaus of the hyperaemic flow in figures 2 and 3 are due partly to failure of the
plethysmographic method to measure high flows; the actual flows
might have been higher.
The present investigation is a quantitative determination
of the limitations imposed on the plethysmographic method of
measuring blood flow.

II. THEDRY

For correct plethysmographic flow measurement the venous outflow
from the limb has to be blocked completely for a few seconds.
Therefore the cuff pressure has to be higher than a certain
minimal value p . . On the other hand the artérial inflow must
min
remain u n i n f l u e n c e d . Therefore the cuff pressure has to be lower
than a certain maximal value p

Another pro b l e m is that the
max'
flow is impeded by the measurement. For the arterio-venous

pressure difference is decreasing during venous occlusion. This
means that the time during which the flow is measured has to be
shorter than a certain maximal value. Under normal haemodynamic
conditions these requirements are satisfied easily (FQRMEL and
DOYLE, 1957).
The question which cuff pressure has .to be used for p l e 
thysmographic flow measurement is not new. ABRAMSON, ZAZEELA
and MARRUS (1939) decided to use a.cuff pressure of 70 mm Hg
for the arm and 110 mm Hg for the leg as these pressures gave
the highest flow m e a s u r e m e n t s . EICHIMA and WILKINS (1941) found
it necessary to keep the arm cuff pressure 30 - 40 mm Hg below
the diastolic artérial pressure in order not to obstruct arterial inflow. PATTERSON and WHELAN (1955) advised a cuff pressure
of only 40 - 50 mm Hg for the arm, because this pressure gave
the highest flow measurement and did not influence the artérial
pressure in the arm. The recommended cuff pressures vary wideiy;
this may have been caused by differences among the subjects.
It is possible that a cuff pressure suitable for one subject
is not suitable for another, or that the highest measured flow
is not the actual flow as will appear below.
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A.

MaxlmoJL a.dnüJ>i>ihhi c u ^

p^eóA u/ie

The external pressure exerted on the veins by the cuff must.'be
lower than the' diastolic blood pressure in order to prevent
obstruction of the arterial inflow (WILKINS and BRADLEY, 1946).
During reactive hyperaemia, however, the arterial blood pressure.
is .reduced. First it appears that the "local" blood pressure,
i.e. the blood pressure in the limb that has been occluded is
reduced during reactive hyperaemia (PATTERSON and WHELAN, 1955;
PATTERSON, 1956; DELIUS, 1969; STOREN and A K R E , 1969). Secondly,
a transient fall in systemic arterial blood pressure occurs
after release of the circulatory arrest (FREEDBURG and HYMAN,
1960; ZELIS and MASON, 1969),
No conclusive explanation of this fall of the local and
systemic blood pressure is given. For our purposes, however,
a quantitative approximation of the local blood pressure drop
is needed. Both duration and development of the pressure
reduction and of the excess flow are found to be similar. This
correspondence suggests that a simple linear relation between
the local' pressure and the local flow might be sufficiënt for
a useful mathematical description of the local blood pressure
drop. The following model illus.trates how such a relation might
be explained..
Figure 4 represents a simple electrical analogue of the
circulation.

The heart is assumed to be a flow source. The

cardiac output I

divides into a limb flow I regulated by a

variable limb flow resistance R and into a body flow I

- I

through a constant body f l o w resistance R . The local arterial
blood pressure and the local venous blood pressure are represented by p

9

and p respectively. The local venous blood pressure
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FXguA& 4:
Simple model of systemic circulation. Heart is flow source;
cardiac output I is distributed over body flow resistance
and variable limê flow resistance R.

p is assumed to be equal to the resting venous blood pressure
Pg when the limb venous outflow is not blocked by the collectin'g
cuff symbolized by switch S. When switch S is opened

the capa-

city. C is loaded and the pressure p rises. This is analogous
to what happens during a flow measurement when the venous o u t 
flow is blocked: both blood volume and verious pressure rise.
The local arterial pressure is
P a = PO + (IC The dimension of R, is not that of a normal flow resistance
b
because in plethysmography it is usual to express the flow
in ml/100 ml tissue per unit of time instead of cm3 per 'unit
of time. Throughout the remainder of this paper the simple
symbol

will be used instead of ”ml/100 ml tissue". The

value of R^ follows from the resting conditions:

(1]
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PdO ~ PO
*b
w here p

are the resting local artérial pressure and
u
the resting limb flow. When this is substituted into (1), the
0u

and I

expression for the local artérial blood pressure becomes
I

- I

p a = Po + (pao ' Po) 1* - T o

(3)

The results thus calculated agree fairly well with the reported
data when this. expression is used for the diastolic blood
pressure instead of the tnean artérial blood pressure.
Hence when in the expression (3) p , p „ and p are rea
aO
placed respectively by the diastolic blood pressures p, and
u
Pdg and the resting venous pressure p^, the result is the m a x i 
mal admissible external pressure exerted on the arteries. This
value should be divided by a correction factor g in order to
get the maximal admissible cuff pressure. The correction with
the factor g is a consequence of the. pressure gradiënt in the
tissue under the cuff (VENDRIK and VIERHOUT, 1959). This factor
g can be determined by first measuring the systolic blood
pressure Psy s1_ on the upper arm by the Riva-Rocci method. Subsequently the cuff just above the knee is inflated in order to
stop the artérial inflow. Then the cuff pressure is slowly decreased. At a given moment a certain cuff pressure p

is.

reached at which pulsations and a sudden rise in volume become
visible on the volume record. The ratio of p

, and p , is
syst
ct
the value of g and generally lies between 0.6 and 0.8 (KUIPER
and BRAKKEE, 1971).

Hence it follows that the maximal admissible cuff pressure
to prevent arterial obstruction is
p

PO
(pdn - P o H 1 “ ïo)
= _ +
c ----max
g
g(Ic - I 0)

[4]

B. The m in J jn a l a d rn L i-iZ b le c u ^ pfie^&vJie
In order to prevent venous leakage to occur, the external
pressure exerted on the veins by the collecting cuff, has to
be at least as high as the venous pressure at the end of the
period of occlusion. Therefore it is necessary to know the
development of the venous pressure during occlusion. In order
to know the pressure we need not measure it by the direct
method as appears from the following.
With strain gauge plethysmography proportional volume
changes AV/V^ (%) can be measured,

being the reference

volume of the limb., 0 n the one hand the limb blood flow I is
the time derivative of AV/V^ and on the other hand, assuming
linearity, I is the ratio of the arterio-venous pressure
difference p - p and t h e .arterio-venous flow resistance R.
ra
The symbols used are the same as in figure 4. This can be
expressed as
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From this differential equation the venous pressure p should be
caiculated as a function of time, which can be done if A V / V Q
is expressed as a function of p. The relation between the venous
pressure p and the corresponding limb volume increment AV/V^
can be measured plethysmographically (KUIPER and BRAKKEE, 1971).
This so-called "pV-relation" (figure 5) has to be approximated
mathematically to enable substitution into (5).

F-tguAe. 5 :

Vo l u m e increment of the calf, caused by increasing venous
pressure. Solid curve: m e a s u r e d pV-relation. Solid straight
line: linear approximation, taking into account initial slope
only; resting venous pressure is p^; initial slope C (capacity)
constitutes measurè for limb distensibility. Dashed curve:
theoretical approximation (subject BB).
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First an approximatiqn based on the theory of' elasticity for
cylindrical tubes

(LOVE, '1944: 'page .145) is tried. When the

wall material is assumed to' be iricompressiblè the inner volume
increment dV^ resulting from an inner pressure increment dp
depends on the value of the Y o u n g ’s modulus E, the initial
inner radius r. and the initial outer- radius r
1

o

as follows

dV.
3 r 2 dp
— - = — — °______ _
V..
E(r * - r .z )
i
o
ï '
If V

2

(6 )

2

is the volume p.Cr
- r. )1 of the material of the wall,
^
ï o i .
then p.r 1 equals V. + V . If V is neglectad with respect to
10
ï
m ,
m
\A , the expression (6 ) becomes
m

dVQ J
- 4 = I A E
e v
i
m

(7)

Because cf the nature and the architecture of the components of
the blood vessel wall (BURTON, 1954) the value of Young's
modulus E depends on the strain. It' is shown for blood vessels
in vitro (ATTINGER, 1969) that log E depends nearly linearly on
log p, so that
E = A pB
F

(8)

w h e r e - t h e constant A depends on the individual vpssel but B
equals 3/2 for all measured veins and arteries.

This can be

substituted into the expression (7).

____ 2-d£A V

pB
mr

C9)
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In order to find the value of

at a certain inner pressure p,

the equation (9) is integrated from Ö to p, where it is assumed
that the vessel volume

at pressure zero is cylindrical. The

result is
A( l - B) V V. „
----------------:------- SLi»

(10,

A(1-B)Vb - 3V.0 p
As compared with the volume at resting pressure p^,. this is a
volume increment
3 A(l - B.)V V. 2
m 10
AV .=--------------------------- —
A( 1 " B)Vm - 3 V iQ po'

1-B
1-B
P
“ PO
.------------------------ r^r
A(I - B)Vin- 3 V . Q p

(11)

The vascular volume increment AV of all capacity vessels
of the limb follows from summation o f ' the A\A’s of all individual vessels of the limb. It is clear from the expression (11)
that this cannot be done since the parameters A, V

and V._
m
ïO
of the individual vessels are unknown. It is possible to avoid
this difficulty by taking average values for A,

and V ^ .

Then the expression for the proportional v a s c u l a r v o l u m e .incre
ment AV/Vg assumes the form
1-B
c2
----------

AV

AV =
V0

P

1

(1 2 )

~

c 3 " cit p

1-B

where the c ’s are constants. When this expression, however,
is substituted into the differential equation

(5) it appèars

that there is no solution in known functions for the venous
pressure as a function o f time. Therefore this mathematical
approach of the pV-relation is not useful.

20

A second possibility of mathematically approximating the
pV-relation is suggested by practical experiencö. When the
volume AV/V^ is plotted against the logarithm of the venous
pressure it appears that the measuring points lie on a straight
line, the exception being sometimes the base of the pVrelation. When, however, the volume AV/V^ is expressed as a
linear function of log p, it proves again impossible to solve
the differential equation

(5) in known functions, hence this

approximation of the pV-relation is not useful either.

According to our experience a shallow pV-relation is as a rule
virtually linear. The lower half of a steep pV-relation mostly
is rather linear, the declination to the pressure axis occurring only in the upper half. Hence for steep pV-relations the
linear approximation i s 'sufficiënt up to 40 - 50 mm Hg venous
pressure. It will be shown that a volume increment of more
than 1 - 1.5 %

is not reached during the required occlusion

period so the accuracy of the upper part of the pV-relation
is not important. Therefore the pV-relation is sufficiently
well approximated for our purposes by

T T = C (P " P 0 >
V0

^

Now it is possible to calculate the rise of the venous
pressure from the differential equation (5). Substitution of
(13) and (30 into (5) yields for the time dependent venous
pressure
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p - PO + \ l c (l " e x p (with
R' = R + Rfc)

>

(14)

and

The R in this expression is the arterio-venous flow resistance
obtaining at the moment at which the venous congestion for
flow measurement starts. This .value of R is assumed to remain .
constant during the short flow measurement and can be expressed
as the ratio of p - p n and I where I is the flow at the moment
ra
0
at which the flow measurement begins. When (3) is used for p
0

the expression (14) becomes

P - PO + V

c {1 " exp(ï ^ § )}

(15.)

Since I

>> In , R, can be approximated by (p „ - P„)/I and
c
0
b
ra 0
0
c
then (15) becomes

(16)

This approximation causes an error o f l e s s than 5 per cent.
Because p^, pg|^ and C are constants, the value of p is a
function of t and I only and increases with increasing t and I.
In order to minimize the venous pressure rise p - p^ during the
measurihg time, the latter has to be as short as possible.
The minimal required measuring time t . is derived as
b
min
follows: during the first pulsation of the occlusion mostly

a movement artifact spoils the registration of the volume.
After this first pulsation two' m axima or minima are required
to define the slope of the volume registration, the first of
them occurring on the average after 1/4 pulse period. Hence
together 2 1/4 pulsations are needed, so t . equals 0.03
min
minutes. This time is slightly shorter when triggered venous
occlusion techniques (BARENDSEIM, VENEMA and VAN DEN BERG, 1971)
are used and when there is no movement artifact.
The minimal admissible external pressure p 0 therefore
equals the venous pressure at t . after the beginning of the
min
occlusion. If the correction factor g is used again the- m i n i 
mal admissible cuff pressure is
PO
p a0 - P0
p . = — + ----rmin
g
g

which is a function of I only as all other parameters are
constant.

C'. The, aAteM.o-\)mouJ> pfioA&ü/io.

During the occlusion period at high flow the venous pressure
rises c o n s i d e r a b l y . This results in a decreasing arterio-venous
pressure difference and so in a decreasing flow, which has .
already been accounted for in the calculations thus far. The
flow is measured as the slope of the volume record at about
0.02. min. The volume can be derived fro.m the venous pressure
[16) by substitution into (13).
The time derivative of this volume at t = 0.02 min is the
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measured flow to which the Symbol I ’Is imparted

I' - al - I e x p {

~ U — _}
' P »)C t - 0,02

(18)

The measured flow I ’ is a function of the variable I only, i.e.
of the flow at the beginning of the occlusion periode

V. The. theosietlcaZ p^-diagfum
Given a certain subject, the p . , p
and a can be calculated
Km m
'max
for each flow I as all necessary circulatory parameters apart
from the cardiac output I

can be measured simply; therefore

I

is assumed to be 5 1/min. So p . , p
and I' = al can be
c
min
max
shown in a so-called p I-diagram (p means cuff pressure) of
c
c
which figure 6 is an example calculated for subject BB. His
circulatory parameters were: artérial blood pressure 120/80,
mean artérial blood pressure p

= 93 mm Hg, resting venous
öU
—
pressure p Q = 10 mm Hg, resting calf flow IQ = 5 %/min, va s c u 
lar capacity C = 0.05 %/mm Hg and correction factor g = O.B.
His lower leg volume was 7.6 1 = 100%, so the cardiac output
I

expressed as percentage of the limb volume was 66 %/min.
c
This conversion is necessary in connection with expression
(4) for the maximal admissible cuff pressure.
This subject's p^I-diagram shows for instance that a
flow of 15 %/min can be measured only with cuff pressures
between 30 and 115 mm Hg (lower broken lines) but even then
this flow will be measured as I' = 14 %/min because of the
decreasing arterio-venous pressure difference as can be seen
from the right-hand scale.

Pc (m m Hg)

ViguSiz 6:
Theoretical p I-diagram. Cuff pressures p . and p
as
*c
min
max
functions of actual flow I. Measured flow I' = al < I because
of decreasing arterio-venous pressure difference (subject BB).
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The. optimaZ C-U-1& pfieAAuAe P o p t is defined by the intercept of p .
and p
and in this particular case is about
min
max
55 mm Hg. This pressure is called optimal because it constitutes
the pressure suitable for all flows up to the one defined by
the intercept. This flow is the highest that can be measured
w i t h o u t •interfering with the arterial inflow or permitting
venous leakage to occur or both.
It is possible to estimate from the P cI-diagram how the
measu r i n g result I' of a flow I depends on the cuff pressure
used. For instance, a cuff pressure between 45 and 85 mm Hg
can be used for a flow I of 30 %/min, although this flow will
then appear as I' = 26 %/min. When a cuff pressure is used in
the range below 45 mm Hg the venous outflow will increase till
it is in equilibrium with the arterial inflow at a cuff pressure
of p c = Pg/g = 17 mm Hg. Then the seeming flow will be zero.
Thus two points are fixed of the relation between the seeming
flow and the cuff pressure used when this latter is too low:
I = 30 %/min for p

= 45 mm Hg and I - 0 %/min for p = 17 mm Hg.
c
c
No arguments are found to accurately derive this relation;
it will therefore be assumed that the relation is a straight
line between these two fixed points. Hence when the flow of
30 %/min is measured with a cuff pressure of, for instance,
30 mm Hg the seeming flow will be '14 %/min resulting in I' =
13 %/min. When a cuff pressure higher than 65 mm Hg is used
the inflow- is impeded more and more as the pressure increases
up to p^ = P Sy S^./g = 200 mm Hg. At that pressure the inflow is
completely occluded. The same lack of strong arguments about
the relation between the impeded flow and the cuff pressure
used when the latter is too high leads to the assumption of a
linear relation between the two fixed points. Hence when the

T im e (s e c )

F-iguAe 7 :
Assumed hyperaemic flow and theoretical values of the measured
flow for different cuff pressures (subject BB).
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flow I of 30 %/min is measured with a cuff pressure of, for
instance, 130 mm Hg the impeded flow will be 18 %/min and then
I ’will be 17 %/min. There are a r g u m e n t s .pleading in favour of
a smooth transitio-n of both relations to the horizontal part
between them; hence our estimations may be somewhat pessimistic
for cuff pressures only slightly too low or too high.
In this way it can be estimated how the measuring result
I ’ of a hyperaemic flow I will develop for each cuff pressure
used. Figure 7 represents the estimated results I' for a
hypothetical hyperaemic flow I for several cuff pressures,
where I is assumed to decrease exponentially to the resting
level. For this estimation the p^I-diagram of subject BB is
used.
It appears that in this particular case 50 - 90 mm Hg is
the best range for the cuff pressure but even then the peak
flow is still considerably lower than the undisturbed flow
until

after about 30 seconds the measured flow agrees reason-

ably well with the assumed flow.
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III. EXPERIMENTAL DATA

In this section two Kinds of data will be given. First data
about the artérial blood pressure drop during reactive hyperaemia and secondly data from flow measurements during reactive
hyperaemia with different cuff pressures which data result
into experimental PC I" diagrams.

A . The, blood psieA-iusie. dfwp

Our main source of information concerning blood pressure drop
consists of the reported literature data while our own experiments were only meant as a rough control.

L0 C.0JL blood ph-QA&ixKQ. cbiop
PATTERSDN (1956) occluded one arm during 3 minutes and
measured the local blood pressure by the direct method in
the brachial artery of the same arm. Immediately after the
onset of reactive hyperaemia the local blood pressure just
below the cuff was only 55 per cent of the resting value.
DELIUS (1969) found with a plethysmographic method that' the
local systolic pressure at the ankle dropped to 60 - 70 per
cent of the resting value after a 3-minutes period of occlusion
of the leg just above the knee.
.By means of the auscultatory method we found after a
3 -minutes

period of occlusion of the arm that the systolic

blood pressure was about 80 per cent of the resting value
when measured at 5 - 10 seconds after the onset of reactive
hyperaemia. We found a diastolic pressure drop to about 90
per cent after 15 - 20 seconds.
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Sy&totic. btood pfiUAtUiz d/wp
ZELIS and MASON (1969) found a drop to 90 per cent of the
mean systemic arterial blood pressure in the brachial artery
after a 10-minutes period of occlusion of one leg. This was
measured by the direct method.
We occlüded both legs during 5 minutes and found an indirectly measured systolic pressure drop in the arm to about
90 per cent after 5 - 10 seconds and a diastolic pressure drop
to about 85 per cent after about 1 0 - 1 5

seconds.

Our auscultatory method did not permit u's to measure the
arterial pressure at the onset of the reactive hyperaemia.
This might partly serve as an explanation for our finding a
smaller local pressure drop than the mentioned authors. Furthermore, the auscultatory method obstructs the arterial inflow.
Hence accórding to our model it is expected that the local
pressure drop is diminished.

8.

The. e.xp&U.me.ntat p^l-diagtiam

We detérmined the circulatory parameters of three healthy subjects BB, RS and DT, that were needed to calculate the theoretical p^I-diagram. Reactive hyperaemia was caused in each instance
by the same occlusion period of 5 minutes and under Standard
conditions. The hyperaemic flow was measured 5 tinnes at least
with the same cuff pressure. The average of the resulting flow
curves was taken to be the reactive hyperaemia I ’Ct] measured
with that particular cuff pressure p^. The Standard deviation
was abdüt 5 %/min for high flows and 2 %/min for low flows,
except for the subject DT, who displayed rather fluctuating
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flows. The use of different cuff pressures resulted in. a set
of I ' Ct}-curveb having p

as parameter (figure 8 , subject BB).

There is a systematic relation between the first flow and the
cuff pressure used. Dbviously high flows are underestimated
considerably when they are measured with cuff pressures too
high or too low.

T im e (s e c )

F-iguAz

8:

Measured hypera e m i c flow for different cuff pressures after
8 minutes of circulatory arrest of the calf (subject BB).

A new set of I'(p )-curves having t as parameter can be
c
constructed from the initial set. Figure 9 ’
gives three of such
curves obtained from figure 8 . The scale of the measured flow
I ’ is on the right-hand side of the figure. The scale of the
theoretical flow I = I '/a is on the left-hand side of the figure.
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I (% /m in ) --------------------------------------------- l'(% /m ln )

Pc (m m Hg)

F-iguAe 9 :

E xperimental p I-diagram, derived from figure 8 (subject BB).
Theoretical p . and p
included (solid l i n e s ) .
m m
max

Because it is assumed that the hyperaemic flow showed the same
development every time, time t can be assumed to correspönd with
a certain hyperaemic flow value I. Therefore figure 9 is the
experimental p I-diagram of subject BB. The theoretical p
c
max
and Pmin are also drawn in this figure as functions of I (solid
lines). This figure will be' discussed below.
Figure 10 is the experimental p^I-diagram of subject RS
having the parameters: arterial blood pressure 120/80, mean
blood pressure p ^

= 93 mm Hg, resting venous pressure p^ =

9 mm Hg, resting blood flow I

= 6 %/min, vascular capa-

city (rather low) C = 0.009 %/mm Hg and correction factor g
= 0.8. As his lower leg had a volume of 50 1, his cardiac o u t 
put was taken as I

= 100 %/min. This figure will also be

discussed below.

I s l '/ a

------------------

- —------- —

I'(% /m in )

Pc (m m Hg)

FiQU/id 10:

E xperimental p^I-diagram of subject R S .
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IV. DlSCUSSION

It appears frorri the experimental p^I-diagrams that there is a
range of cuff pressures that do not interfere with artérial
inflow or permit venous leakage to occur. This is concluded
from the plateaus of the curves for low flows. Further it
appears that this plateau becomes smaller at both sides as
the aetual flow increases. This is an indication that venous
leakage as well as artérial impediment increases with the
actual flow. Finally it appears that there is an optimal cuff
pressure, as can be seen from the highest hyperaemic flow
especially in the case of subject BB. All this is compatible
with our theory.
It seems, however, that there is a quantitative difference
between the theoretical and the actual value of the optimal
cuff pressure. In fact this difference is not significant
because of the great errors in both values. The error sources
will be discussed here.
First of all the left-hand scale depends on factor a which
is calculated under the assumption that the flow depends linearly on the arterio-venous pressure difference. This aasumption,
however, does not account for eventual compensatory reflexes
resulting in a decrease of the arterio-venous flow resistance.
That this effect may play a role might' be concluded from the
first volume increase of the calf of the subjects during normal
venous congestion: up to high degrees of venous filling this
increase is rather linear but it is not true of every subject
which possibly indicates an active regulation. It is possible
therefore that the difference between the actual flow I and
the measured flow I ’ as far as it is due to the decreasing
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arterio-venous pressure difference is not so great as has been
calculated. Then the intercept of p . and p
would turn out
min
max
to be located higher up in the figures and the curves of p .
a
min
and p
would bècome steeper both.
max
In the second place the expected accidental error in p .
mm
and p
at a flow of '50 %/min is c o n s i d e r a b l e , namely 25 per
max
cent and 60 per cent respectively. The errors are caused mainly
by the capacity C for p . and by the flows I and I for p
min
c
max
The capacity and the flows are independent of each other, so it
is possible that p . and p
both are calculated too low by
min
max
accident. Anyhow within the error the theory and the experiments
are compatible with each other.
A third error source is a systemic one which is inherent
in strain gauge plethysmography because it measures the flow
locally. The measured hyperaemic flow is actually the flow in
the calf.which is a muscle area. Reactive hyperaemia' in a muscle
area is more important than in a skin area. The hyperaemic flow
that is measured in the calf is therefore not representative
of the total limb flow which will be lower. This means that
the numerator of the second term of p

[41 will be greater,
max
while the denominator will not change very much. Therefore p
max
will be greater and the curve for p
in the p I-diagram will
nnsx
o
be steeper.
The error made by the assumption that the cardiac óutput
1 ^ is 5 1 /min is probably about 20 per cent,

a conclusion drawn

from literature data about the cardiac output at rest in the
supine position, measured with dye-dilution

(ASTRAND and R00AHL,

1970; CARLSTEN and GRIMSBY, 1966). This leads to expected errors
of 40 and 15 per cent in the calculated values of p

at a flow
max
of 50 %/min for the subjects BB and RS respectively. A transient
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change of the cardiac output during reactive hyperaemia is not
known.
A nother error sourcé is the correction factor g. Sometimes g cannot be measured easily and accurately and then only
experience in estimating the g of a particular leg can keep
the error low. Furthermore g increases with rising cuff pressure,
the variation remaining within 10 per cent of its value CKUIPER
and BRAKKEE, 1971). The use of a cuff wi d e r than.the usual 13
cm could have an advantage because it would raise g and so
probably would diminish the error in g, but then it becomes
more difficult to keep the inflation time within the required
1 second.

Because of the pressure gradiënt from the cuff to the
centre of the thigh it is not correct to speak of "the" c o r r e c t 
ion factor g. This factor is nearly 1,0 in the skin and has
the measured value g in the centre of the thigh. When the cuff
pressure is between the diastolic pressure p^ and

then

the arterial inflow through the superficial arteries will be
impeded. However, the small superficial arteries only supply
the local blood circulation under the cuff and are n.ot im p o r 
tant as such. The larger superficial arteries supplying the
skin of the lower leg do not contribute much to reactive h y p e r 
aemia (SHEPHERD, 1963) and therefore can be neglected as well.
In practice, therefore, it is possible to reckon with "the”
correction factor g.
One thing may still be said about the usefulness of the
linear approximation of the pV-relation. It is possible to
a pproximate the pV-relation of subject BB accidentally by an
exponential curve which fits rather well in this particular
case. This results in a curve for p .
mm

in the p I-diagram that
c
ö
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differs only 5 mm Hg at 50 %/min from the one given in figure
6 . This might already have been concluded from the pV-relation

[figure 5] a s f o l l o w s :

even when the flow of 50 %/min remains

constant during the required 0.03 min, the volume reached would
be only 1.5 %. At this volume the difference between the pVrelation and the linear approximation is 5 mm Hg. Hence the
difference in p
cannot be much more than that.
rmax
The maximal flow that can be measured correctly apart
from the decrease of the arterio-venous pressure difference,
is defined by the intercept of p . and p
. It appears theomin
max .
retically that this flow increases with rising 1^, p ^ and C
and with decreasing p^ and

. The capacity C can be increas-

ed by raising the ambient temperature to 28 - 30 °C so that the
subject feels "comfortably w a r m ”. This is shown for skin regions
[C0LES and PATTERSGN, 1957] and for muscle regions (KIOD and
L Y O N S , 1358; WOOD and ECKSTEIN,

1958). A further raising of

the ambient temperature gives no further increase in capacity
CSHEPHERD, 1963). The resting venous pressure should be lowered
by raising the meaöuring place above heart level, which at the
same time facilitates the venous outflow after deflation of the
collecting cuff. This was part of our Standard conditions. The
interval between the successive flow measurements should, be
long enough to admit sufficiënt draining of the congested
vessels.
It is advisable to increase as much as possible the maximal
flow that can be measured correctly but in many cases shorter
periods of arresting the circulation can be used. In the Dermatological Department the occlusion period applied has actually
already been reduce.d from 5 minutes to 3 minutes. This reduction resulted in lower hyperaemic flows and experience has shown
that the differenciation did not deteriorate, for an artérial
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obstruction can frequently be recognized by t h e slower development of the hyperaemic flow as well as by the heighth of the
peak flow.
The limitations of the measuring method discussed so far
lead to the conclusion that high flows can be underestimated
considerably. When the cuff pressure is too high it is impossible to see this from the volume record. If from the very start
of the flow measurement the volume record declines from the
expected straight line it is a clear indication that the cuff
pressure is too low. The peak flow after longer occlusion
periods in. fact might be higher than measured, which could be
the explanation of figure 2 and 3. It seems. at least doubtful
w hether the circulatory maximum can be measured in this way.
The same holds true in the case of patients suffering
from occlusive arterial diseases. In physical terms they have
a high flow resistance in the supply to the leg ar a general
stricture. Even a moderate hyperaemic flow may result in an
abnormal drop of the local arterial pressure [DELIUS, 1969).
This causes the maximal admissible cuff pressure.to be especially low. Then the usual range of cuff pressures could cause
serious obstruction of the arterial inflow.

V. SUMMARY

If one

LisGs

venous occlusion plethysmography for measuring the

blood flow in a limb one should consider two fundamental limitations of the method. It leads to underestimation o f the flow
when either the cuff pressure is too high, obstructing arterial
inflow, or too low, allowing venous outflow to occur. The
limits of the admissible cuff pressures are quantitatively
derived from measurable circulatory parameters. The measuring
circumstances appear to be favourable when the arterial blood
pressure and vascular distensibility are high and when the
resting venous pressure is low. Even when the optimal cuff
pressure is used it is doubtful whether during reactive h y p e r 
aemia the peak flow can be measured correctly.
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CHAPTER II

A CGMPARISON OF CAPILLARY FILTRATION CCEFFICIENTS
□F THE HUMAN LIMB, OBTAINED IN THREE WAYS BY
MEANS OF STRAIN GAUGE PLETHYSMOGRAPHY 1

I. INTRODUCTION

Venous occlusion of a limb causes an enhanced capillary pressure
resulting in the filtration of fluid out of the capillaries
into the tissue (STARLING, 1896). The filtration causes limb
volume changes that. can be measured continuously by means of
plethysmography (BRDDIE and RUSSELL, 1905; KROGH, LANDIS and
TURNER,. 1932; WHITNEY, 1953; BRAKKEE and VENDRIK, 19BB).
■When venous occlusion begins the limb volume first rises
rapidly because of.the vessels filling with blood. After the
venous pressure has become constant, the limb volume still
rises slowly. This slow and nearly linear rise is generally
assumed to be an increase of the extravascular volume, caused
by filtration CMENDE, 1919; KITCHIN, 1963). However, other
phenomena may contribute to this slow volume rise, inter alia
visco-elastic properties of the vessel wall, described for
example by APTER (1966) or by WESTE R H O F and NOORDERGRAAF (1970),
or maybe a change of the vessel tone caused by the strain, d e s 
cribed for example by BAYLISS (1902) or by FOLKOW (1949).
Possibly visco-elastic properties are the reason why some
1. An important contribution to this paper is supplied by
J.M. M Ü E L A N D S .
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patients suffering from primary or congenital varicosity show
such a strikingly non-linear increase of the limb volume during
sustained venous congestion, as is known from expërience in the
Dermatological Department.
Another way in which filtration reveals itself is the
difference between the resting volumes of the limb before and
after venous congestion. A third way of measuring filtration
is the use of pressure plethysmography (K.ROGH, LANDIS and
TURNER, 1932). This method compares the so-called "reduced
volumes" before and after congestion. The "reduced v o l u m e ”
is the limb volume that remains when by means of external
pressure the blood is squeezed out of the limb. Then a d i f f e r 
ence between the "reduced volumes" must be a difference between
the amounts of tissue fluid only.
The aim of this investigation is to compare the results
of these three methods with' a strain gauge variant of K r o g h ’
s
pressure plethysmography.
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II. METHODS

A 13- cm wide conic collecting cu.ff was applied to the thigh
of healthy subjects just above the knee. Mercury-in-rubber
strain gauges were applied around the thickest part of the
calf which is a muscle region who.se volume record is less
disturbed by spontaneous vasoactive fluctuations than that
of skin regions.

The subjects were placed in a supine position,

the calf was kept at heart level. The volume changes of the
calf were measured with a strain gauge plethysmograph and
written on a potentiometer ink recorder. The volume changes
AV/Vg were evaluated by means of the electrical calibration
(BRAKKEE and VENDRIK, 1966] of the plethysmograph in ml/10Q
ml tissue. In the remainder of this paper the notation
will be used, i.e. percentage of the reference volume

of

the calf. In fact cross-sectional areas were measured but
the word "volume" can be used when it is conceived as "volume
per unit of length". A simple air pressure box (figure 1)
around the lower leg was capable of being inflated to high
pressures in order to squeeze the blood out of the enclosed
part of the leg. The subjects were acclimatized to the ambient temperature of 25 - 3 0 °C during almost one hour before
the measurements started.
A Standard pressure box inflation (PBI) lasted 1 min,
the pressure being 200 mm Hg. The PBI caused a deep dip in
the volume record (figure 2). After the end of the PBI the
limb volume increased very rapidly again and after a h y p e r 
aemic overshoot lasting about 1 min, the new resting level
appeared to be shifted downwards as compared with the preceding resting level. This volume shift will play an important
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F^iguAe. 1:
The pressure b o x raade of a perspex cylindrical tube (a) and
provided with two air inlets (b) and an electrical connection (c) to the strain gauges (d). Two inner sleeves of thin
rubber (e) prevent leakage of air from the inside. A perspex
diaphragm (g) prevents these sleeves from being blown out of
the pressure box.

role in the interpretation of the volume record of the fil- .
tration experiments as it will be identified with the amount
of tissue fluid that is squeezed out of the calf by means of
the PBI.

A filtration experiment f o r determining the three
criteria for capillary filtration consisted of a venous congestion preceded and followed by a PBI called the 1st PBI
and the 2nd PBI respectively (figure 3]. The three measures
for filtration were (al the slope of the volume plateau
during sustained venous congestion (b) the difference between
the resting levels before and after congestion, and Cc) the
difference between the "reduced volumes" before and after
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VlguAz 1 :
The volume record of a "reduced volume determination".
The pressure box inflation (PBI) causes a deep dip bet w e e n
the two resting volumes. The first resting level contains
a calibration, the second resting le/el is attained only
after a hyperaemic overshoot and appears to be shifted
downward.
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VlguAt 3:
The volume record of a filtration experiment, consisting of
a venous congestion preceded and followed by a pressure box
inflation (PBI). The filtration is measured from (a) the
slope of the congestive plateau, (b) the difference between
the resting levels before and after congestion, and (c) the
difference bet w e e n the "reduced volumes" before and after
conges tion.

congestion. It was found that the shift of the 1st PBI depended on the number of PBIs given previously. In order to investigate this, series of 10 - 20 consecutive PBIs were carried
out. Further it was found that the shift of the 2nd PBI depended on the time between the end of congestion and the 2nd PBI.
In order to investigate this dependency, this latter interval
was varied up to 10 min in another series of experiments.
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Consequently there were three t y p s of experiments. In
the order in which t h e y will appear below they will be briefly
referred to as: consecutive PBIs, varying intervals, and final
filtration experiments. The latter type has no interval between the 1st PBI and congestion and has a 4-minutes interval
between the end of congestion and the 2nd PBI.

III. RESULTS

Coniecutlve. PBIa
When a series of 10 - 20 consecutive PBIs was applied,
the resting lèvel was shifted downwards after each PBI (figure
4).

N u m b e r o f PBI

F^LguAe. 4:
The resting level shifting downwards with each successive
p r e s s u r e box inflation (PBI). The first PBIs cause a considerable shift, the next shifts are equal although they scatter
appreciably. The constant shift S is derived from the slope
of the straight line.
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The flrst PBIs cause a considerable shift that diminishes with
the number of the PBIs applied, subsequent PBIs cause a c o n 
stant shift S . The scatter of the individual shifts is of the
c

same ordér of magnitude as the spontaneous vasomotor fluctuations of the resting level. The e r r o r o f the mean

is conside-

rably less because the slope of the straight line in figure 4
is well defined. The shift S

is given in the table for each

of the subjects, the error being estimated from the probable
error of the slope of the straight line drawn in figure 4. The
cDnstancy of the shift

will be interpreted below as an

indication of each PBI squeezing a constant amount of bound
tissue fluid out of the calf. The first major shifts only
o ccurred when the PBIs were applied for the very first time
during an experimental session. This phenomenon will be attributed below to a combination of the "settling" of the pressure
box and the squeezing of free as well as bound tissue fluid
out of the calf. The "depth” of the volume dip, i.e. the
difference between the "reduced volume" and the next resting
level, was always constant during one given experimental
session. This will be interpreted below as a constant amount
of blood returning after each PBI. The "depth” of the dip
amounted to 4 - 5 % and the Standard deviation was 0.1 %.
These results did not depend on the duration of the intervals
between the PBIs up to an interval of 10 min. This will be
considered below as an indication that the- tissue fluid does
not return after it has been squeezed out of the calf, at
least not to a measurable extent.
The shift of the 1st PBI depended on the fact whe t h e r
some consecutive PBIs were given at the beginning of the e x p e 
rimental session or not. When these preceding PBIs were given
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the shift of the 1st PBI was always equal tö S . This will be
c
interpreted below as an indication that the preceding PBI, in
general the 2nd PBI after the preceding congestion, squeezes
all free tissue fluid out of the calf.

VafiyZng -in tz tiv a L f,

The shift S(t) of a 2nd PBI, t being the time between the
end of congestion and the 2nd PBI was always greater than
and decreased with increasing t. The difference S(t) - S

will
c
be interpreted below as the amount of free tissue fluid present
at the time t, decreasing with time. The shift S(D] i.e. S(t)
for t = 0 , can be derived only by extrapolation back to t = 0 .
This is done by extrapolating S(t) -

semilogarithmically

(figure 5).. The values of S(0] are given in the table for
each subject, the error being derived from the probable error
of the slope of the straight line drawn in figure 5.
Figure 6 shows the traced volume records of two fil t r a t 
ion experiments superimposed to make comparison easier. The
solid line represents the volume development of the experiment
during which the 2nd PBI is given at 4 minutes after the end
of congestion. 'The broken line represents the development when
the 2nd PBI. is given immediately after the end of congestion.
In neither case was there an interval between the 1st PBI and
the beginning of congestion. This interval was not needed
because the shift of the 1st PBI is known to be S . The inic
tiation of congestion immediately after the 1st PBI has the
advantage of the congestive plateau being reached sooner
because of reactive hyperaemia. Consequently the useful part
of the congestive plateau is prolonged, in the second instance
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T im e ( m in )

FI qu Jul 5:
The shifts S(t) caused by a PBI after a congestion appear to
depend on the time t between the end of the congestion and
the beginning of the PBI. The shift S (0), being S(t) for t =
0 can be found only by extrapolation of S(t) - S c>

the effective duration of the congestion is defined more
precisely and finally it saves time.
It is clear from figure 6 that the shift SCO) cannot
be measured from the record. The final resting volumes after
the 2nd PBI had always the same level independent of the
time at which the 2nd PBI was applied (L^ = L ’
^). The same
held true for the "reduced volumes" of the 2nd PBIs

=

V o lu m e In c re m e n t (%)

FI q u AQ. 6:
Two filtration experiments superimposed to make comparison
easier. The solid curve stems from an experiment w h e r e the
2nd PBI was applied 4 min after c o n g e s t i m , the br o k e n curve
comes from the application of the 2nd PBI immediately after
congestion. For details see text.

The equal levels of

and L ’
^ and of

and D'^ are a conse-

quence of an equal amount of tissue fluid remaining after the
2nd PBI as will be explained below.

F-cnat

n zx.pzfilmzYiti>
From the final filtration experiments (figure 6 , solid

line) the quantities g, AL' and A D ’ were measured. The value
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6 was divided by the capillary pressure increase Ap which is

taken as 80 per cent of the increase in venous pressure to be
discussed below. The venous pressure during venous congestion
was obtained by m u l t i p l i c a t i o n .of the cuff pressure with the
correction factor.g (VENDRIK and VIERHOUT, 1959; KUIPER and
BRAKKEE, 1971) and the resting venous pressure is derived from
the subject's pV-relation (KUIPER and BRAKKEE, 1971). A L ’ and
AD' were corrected for the amount of tissue fluid squeezed out
of the calf during the PBI, which will be explained below.
The corrected values AL and AO were divided by Ap and the
duration of the congestion. So the three criteria 3* AL and
AD were converted to capillary filtration coefficients (CFC).
These three CFCs appeared to be equal within the error, as indicated in the table. The errors are the Standard errors of
the mean of the mentioned number of experiments.

T able.: Results obtained from three subjects.

subj eet

consec.

varying

PBIs

interv.

S (%)
c

SCO D C

final filtration experiments

CFC (%/min.mm Hg)

Number. of

derived from:

experiments

B

AL

AD

IC

0. 05_+0. 01

0.73+0.05

41_+2

39+_3

40_+1

29

MVDW

0 .1 1 + 0.01

0.44_+0.05

39_+2

41_+1

39^3

17

MA

0.10 + 0 .01

0. 54_+0.05

17j+2

18j^3

1 8_+3

10
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IV. CORRECTIONS

In figure 7 the solid curve is the schematical record of a
filtration experiment at which the 2nd PBI is applied at 4 min
after congestion. The broken curve is the continuation of the
record when the 2nd PBI is given immediately after congestion.
I »
The difference between L and the beginning of L is the correct
c.
J
measure AL for the amount of filtrated fluid if the amounts of
blood are equal at both moments. However, -L^ is omitted in the
final filtration experiments and the beginning of L^ is always
masked by vascular reactions (LEWIS and GRANT, 1925; ABRAMSON,
ZAZEELA and MARRUS, 1939; CARO, FOLEY and SUDLOW, 1970; chapter
IV of the present thesis). Therefore A L ’, i.e. the difference
between L^, and the end .of L„ is measured instead of AL.. Then
1
3
two corrections have to be applied to AL', the first being the
difference between L^ and L^, which is S^, the second being
the' difference between the beginning and the end of L^. The
beginning of L 3 equals L ^ ’ + SCO), the end equals L^ + S(4).
The difference therefore is L^' - L^ + SCO) - S(4). As L^'
equals L^, this difference becomes SCO) - S(4). Hence the
correct measure AL for the amount of filtrated fluid, derived
from the difference between the resting levels before and after
congestion becomes AL' + S^ + (SCO) - S(4)).
The 2nd PBI when applied immediately after congestion would
have squeezed an amount S(0) of tissue fluid out of the calf
(as will be discussed below). Therefore the correct measure AD
for the amount of filtrated fluid, derived from the "reduced
volumes" equals A D ’ + S(0). In our experiments the 2nd PBI
could not be applied immediately after congestion as otherwise
the difference AL would get lost. Therefore the 2nd PBI was
applied only at 4 minutes after the end of congestion.
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S lope p

is t PB I

i___i___n m _ _ x ,

ve n o u s co n g e s tio n

2ndPB I
____L.__J___ ______

'

■

T im e (m in)

FIquïul 7:
Schematical representation of figure 6, with an interval
between the lst PBI and the congestion. For details see text.
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V. DISCUSSION

In order to get reproducible results the subjects were acclimatized to an ambient temperature of 28 - 3G °C during almost
one hour so that they feit "comfortably w a r m ” (Chapter III).

A-6 ^Ofi tht Ofilg-Ln ofc thz

fatA it has to be polnted out that

a PBI in fact is an arterial occlusion. Therefore reactive
hyperaemia can be expected after the PBI. Reactive hyperaemia
shows up in the overshoot following the dip and probably
affects the slope of the rising leg of the dip. This slope
can amount to 40 % / m i n . When after roughly a minute the new
resting level becomes visible,

it appears to be constant with

time, apart from the normal spontaneous vasoactive volume
f l u c t u a t i o n s . This constancy of the resting level following
a PBI can be explained only as a constancy of the vascular and
the extravascular volumes, which will be considered in detail
now.
The fact that the vascular volume does not change after
the hyperaemic overshoot indicates that no other vascular
reactions occur. Therefore it can be assumed that the blood
content of the calf is the same before and after the PBI.
The constancy. of the " d e p t h ” of the volume dips is compatible
with this assumption. Hence it is improbable that the origin
of the shifts lies in a blood volume change.
A nother cause of the shifts may be found in the deformation of the tissue, which no doubt occurs during a PBI. The
constancy of the resting level after the hyperaemic overshoot
indicates that from that moment on visco-elastic recovery does
not play an important role any more, although it might be part
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of the overshoot. Therefore it is improbable that tissue deformation is a cause of the shifts.
Therefore only one other extravascular volume change can
explain the origin of the shifts, namely a change of the amount
of tissue fluid: each shift must be considered to bè identical
to the amount of tissue fluid that is squeezed out of the calf
by means of that particular PBI. The constancy of the resting
level after the hyperaemic overshoot following the PBI can be
explained only when no measurable amount of tissue fluid returns
after the PBI. This does not mean that in these circumstances
there would be no lymphatic flow, for when the lymphatic out"
flow from the tissue is in equilibrium with a possible net
filtration out of the capillaries this causes no measurable
volume increase.
The tissue fluid may be free to move in the interstitial
spaces or may be bound to the gel of mucopolysaccharides (GUYTON,
GRANGER and TAYL.DR, 1971]. It is usual to speak of free and
bound tissue fluid, although this difference may be gradual. It
is evident that by an external pressure the free fluid can be
removed more easily than the bound fluid. This is. compatible
with the behaviour of the shift as illustrated in figure 4. The
first shifts are greater than the next, suggesting that apart
from an amount of bound fluid, free fluid is removed, while also
the settling of the pressure box might play a role. The free
fluid in this case is probably present because of filtration
during previous activity and vertical posture. The following
shifts are constant in size, suggesting that these PBIs only
remove a constant amount S

of bound fluid once the free fluid
c
has been completely removed by the first three PBIs. The con

stancy of

can be understood from the constancy of the
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stimulus (PBI) on the one hand and the minor influence that
each stimulus has on the total amount of bound tissue fluid,
i.e. the constancy of the system, on the öther hand. These
considerations lead to the advice to apply some preceding
PBIs (KROGH, LANDIS and TURNER, 1932) or to keep the measuring place above the heart level for a period of

1

1/2

hours

(BROWN, WISE and WHEELER, 1947K
When S

is the amount of bound tissue fluid that is
c
squeezed out of the calf by the PBI, each shift that is
greater than S

means that in addition to the amount S of
c
c
bound fluid free fluid is also driven out. This explains
why the shift of a 2nd PBI is greater than S^, for there
must be some free tissue fluid after a venous congestion.
The shift S(t), begun at t min after congestion, decreasas
with increasing t. The free tissue fluid is removed completely by a single 2nd PBI, as can be concluded from the
equality of the levels L^ and L ' and from the fact that
the 1st PBI of the next filtration experiment again shows
the shift S^. The decrease of S(t) with increasing t therefore means that after congestion the amount of filtrated
free tissue fluid decreases slowly in a natural way, i.e.
by reabsorption or via the lymphatic system, or because it
is bound.
Figure 5 being the shift S(t) as a function of the
time t after congestion can therefore be considered to
describe the natural removal of the excess free tissue
fluid after congestion. The slope of the line gives a time
constant, being 3.5 min for subject IC, 15 min for subject
MVDW and 31 min for'subject MA. The cause of the great differences between these time constants is not clear to us.
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The. CFC can be. dufuvad. from STARLING’
s law that could be

written as FR = cNc x (p - tt) where FR is the filtration
rate, p is the hydrostatic and tt is the colloid osmotic
transcapillary pressure difference. The value of the colloid
osmotic pressure of the capillary'blood is about 25 mm Hg
(LANDIS and PAPPENHEIMER, 1963) and of the tissue fluid
about 5 mm Hg (WIEDERHIELM, 1952). During venous congestion
the colloid osmotic presure of the blood remains constant,,
but the colloid osmotic pressure of the tissue fluid drops
as the concentration of proteins decreases by dilution
because of filtration. The increase of ïï is 5 mm Hg at most
which is negligible as compared to the increase in p. Hence
the CFC can be derived as the ratio of the filtration rate
FR and the increase of the transcapillary hydrostatic press
ure difference Ap. The tissue fluid pressure does not rise
appreciably except in cases of severe oedema [GLJYTON, GRANGER
and TAYLOR, 1971). Hence the increase in p can be assumed to
be equal to the increase in capillary blood pressure. The
increase of the capillary pressure during venous congestion
is about 80 per cent of the increase in venous pressure
(RENKIN and PAPPENHEIMER, 1957). Hence the CFC can be calcu
lated as the ratio of FR and 80 per cent of the venous press
ure increment during venous congestion. The filtration rate,
measured with "reduced volume determination" (KROGH, LANDIS
and TURNER, 1932; LANDIS and GIBBON, 1933; BROWN, WISE and
WHEELER, 1947), and measured from the slope of the volume
plateau during sustained venous congestion (MËLLANDER, 1960;
MELLANDER and ÖBERG, 1967; HYMAN and WONG, 1968) appears to
be proportional to the increase in venous pressure. This
supports the validity of this way of deriving the CFC.
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W b conclude that it is possible to measure filtration using a
(dry) strain gauge variant of Kr o g h ’s (wetl pressure plethys-»
mography. Although the reproducibility of the "reduced volumes”
requires a high external pressure that squèezes some of the
just recently filtrated fluid out of the calf it is possible to
account for that. The reliability of the slope (3 of the volume
plateau during sustained venous congestion as a measure for
the filtration rate is demonstrated by the result that was
equal to the result obtained by Krogh's m e t h o d , at least for
healthy persons. The mere comparison of the resting volumes
before and after congestion is not reliable as free tissue
fluid disappears gradually after release of congestion. In
the introduction it was mentioned that some patients suffering from primary or congenital varicosity show a strikingly
non-linear increase of the volume during sustained venous
congestion. We did not apply the method to this type of
patiënt yet because the pressure box had to be improved
since it is too awkward for the patiënt during the PBI.
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VI, SlimARY

The capillary filtration of the calf during sustained venous
congestion is measured with strain gauge plethysmography in
three ways. The first measure for the filtration is the rate
of swelling of the calf during sustained congestion, the
second is the difference in resting volumes before and after
congestion and the third, according to Krogh’
s pressure
plethysmography, is the difference in "reduced volumes" before
and after congestion. When these values are corrected appropriately, they give identical capillary filtration coefficients.
The corrections can be explained from the behaviour of free
and bound tissue fluid. The free part of the filtrated fluid
disappears gradually after the venous congestion which can be
measured.
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CHAPTER III

THE INFLUENCE OF THE TREATMENT OF VENOUS OEDEMA
ON THE DISTENSIBILITY OF THE CAPACITY VESSELS AND
THE CAPILLARY FILTRATION OF THE LEG

1

I. INTRODUCTION
Frequently the'pV-relation of the legs of patients is measured
in the Dermatological Department as part of the investigation
of the venous calf muscle pump (KUIPER and BRAKKEE, 1971). The
pV-relation is the relation between the venous pressure,
raised by venous congestion, and the resulting blood volume
increment, measured by the volume, increment of the leg. The
volume changes are measured by means of strain gauge plethysmography. The capacity, i.e. the initial slope of the pVrelation is a measure for the distensibility of the leg, and
the slope of the volume plateau during sustained venous con
gestion is a measure for the capillary filtration rate (MENDE,
1919; chapter II of the present thesis).
In order to better understand oedema, its diagnosis and
treatment, the pV-relation and the capillary filtration of
these patients were studied. Initially we wanted to investigate acute cases of unilateral lymphogenic oedema because of
the possibility of comparison with the healthy contralateral

1. Invaluable assistance has been rendered by Dr. J.P. Kuiper
of the Dermatological Department.
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side. In. the experimental period, however, only a few of these
patients could be found and they did not y i e l d .consistent
results. Therefore patients suffering from venqus oedema were
investigated. The comparison in these cases was made between
the oedematous leg and the same leg after treatment of the
oedema.
The fact that the pV-relations of these patients are
rather shallow as compared with normal pV-relations could be
caused by an increased rigidity of the vessel wall but also
by an increased rigidity of the surrounding tissues. The
latter was suggested by the rigid and indurated feeling of
the legs of these patients. The capillary filtration rate
of these patients was rather low as compared with what is.
usually found. This might have been caused by some change
of the condition of the surrounding tissues induced by the
oedema.
Therefore we investigated how the individual p a t i ë n t ’
s
pV-relation and capillary filtration was influenced by the
treatment of the oedema.
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II. NETHODS

In the Dermatological Department patients were selected who
suffered from venous oedema. At the time of the first measurement the patiënt had a well developed oedema. After the first
measurement the oedema was treated during about 24 hours. The
treatment consisted of laying the patiënt in the supine posi
tion, his legs raised and tautly bandaged. The second measure
ment took place immediately after treatment.
Before the measurements started the patients were
acclimatized to the ambient temperature of about 30 °C during
üne hour in a supine position, the ankles about 10 - 15 cm
above heart level. This position was maintained during the
measurements.
A strain gauge plethysmograph was used to measure the
percentage volume changes AV/Vp of the leg,

being the

reference volume of the measuring place, about

10

cm above the

ankle. (In fact strain gauge plethysmography gives crosssectional areas instead of volumes but the word "volume" is
used on historical grounds and should be understood as "volume
per unit of length"). The volume changes (figure 1) were
written on a potentiometer ink recorder and were evaluated
in "ml / 1 0 0 ml tissue” (indicated as " V in this paper) by
means of the electrical calibration (BRAKKEE and VENDRIK.,
1966) of the plethysmograph.
In order to enable conversion of the percentage volume
3
changes AV/V^ (%) to an absolute measure Ccm ), the crosssection at the measuring place was copied by means of a lead
3
strip, giving the reference volume V Q ( 1 0 0 %) in cm . F o r
venous congestion a 13 cm wide conic collecting cuff was
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FlguAe. 1:

Volume record of four periods of venous congestion with cuff
pressures of 20, 40, 60 and 80 m m Hg, preceded by a calibration
mark.

applied round the thigh just above the knee. The cuff was inflated to various cuff pressures with intervals of rest of
some minutes, each inflation taking usually 5 minutes. The
correction factor g was measured because it was needed to
convert the cuff pressure to the venous pressure (KUIPER and
BRAKKEE, 1971; chapter I of the present thesis). The treatment
did not influence the correction factor g. This is concluded
from measurements, and it might have been expected as g
depends on physical properties at the place where the cuff
is applied, and as no oedema was present there. The cuff
pressures used were converted to venous pressures and so
the pV-relation could be plotted (figure 2).
The capillary filtration coëfficiënt (CFC) can be cal
culated as the ratio of the filtration rate and the corresponding increase of the capillary pressure (STARLING, 1896).

Pv (m m Hg)

TlguJiz. i :
The pV-relation, derived from the record in figure 1. The
volume increment is plotted against the venous pressure for
each of the four venous 'congestions. The resting venous
pressure p^ is defined by the intercept of the Curve with
the pressure axis; the vascular capacity or distensibility
C equals the initial slope of the curve.

The filtration rate (%/min) can be derived from the slope of
the volume record during sustained venous congestion (MENDE,
1919; 'chapter II of the present thesis). In practice the CFC
is derived as described in the next paragraph.
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III.. RESULTS

The treatment of the oedema decreased tke.

votumt Vq

1

of 20 legs on the average by 18 + 2 per cent . The range of
3~
3
the volumes was 36.6 - 103.3 cm before and 26.9 - 80.0 cm
after the treatment.
Figure 3a is an example of the two pV-relations of a patiënt
before and after treatment. The sigA&Lyig vmouA pfieA-6uA.e. Pq ,

T-LquAH 3:

(a) The two pV-relations of the right leg of patiënt AS.
(b) The same pV-relations as in (a) corrected for the reference
volumes V .

1. The errors are Standard errors o f the mean.
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being the intercept of the pV-curve with the pressure axis,
was not significantly influenced by the treatment, the
average of 16 legs

'l

being 1G .+_ 1 mm Hg. The average of the

differences between the "oedematous” and the "treated" rest
ing venous pressure was + 0 . 5 + 1.2 mm Hg (Student: p < Q.10).
The range of the resting venous pressures was 5 - 19 mm Hg
before and 4 - 14 mm Hg after treatment.
The treatment of oedema significantly increased th<L capadXy
C as measured from the initial slope of the pV-curve (figure

3a). The mean value of the capacities of 12 legs

was 0.030

_+ 0.004 %/mm Hg before treatment (range 0.018 - 0.063) and
0.076

0.021 %/mm Hg after treatment (range 0.028 - 0.280).

The mean of the factors by which the capacities increased
was 2.4 + 0.3 (Student: p < 0.01). This comparison, however,
is not fair because the differences of the reference volumes
Vg are included. Therefore the capacities were converted to
an absolute measure by multiplication with the corresponding
reference volumes. After this conversion (figure 3b) the mean
3
values were 0.018 + 0.003 :cm /mm Hg before (0.008 - 0.044)
and 0.032 +_ 0.007 cm'Vmm Hg after treatment (0.011 - 0.077).
The mean value of the factors by which the capacities in
creased became 1.8 +_ 0.2 (Student: 0.01 < p < 0.05), the
range being 0.75 - 3.74.

1. The experimental results obtained from the other legs were
useless for several reasons.
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The following method was applied for the calculation of the
caplltcuiy {)^iZt/L(Vtton co (L^LcA-ZYit (CFC). The filtration rates

(FR) were plotted against the corresponding venous pressures
(figure 4). A straight line was drawn through the measuring
points. This straight line does not go through the origin
because capillary filtration only occurs when venous pressure
and thereby also capillary pressure is raised above the normal
value. The slope of this line was determined (%/min.mm Hg)
and divided by 0.8. This gives the desired result (CELANOER
and MARILD, 1962; chapter II of the present thesis).
The treatment of the oedema significantly increased the
CFC. The average of the CFC of

6

legs

was 0.0014 + D.0001

Pv (m m Hg)

FZguAe 4:

The filtration rate (FR) as a function of venous pressure
plotted against the venous pressure. The CFC is calculated
from the slope of the straight.
1. The experimental results obtained from the other legs were
useless for several reasons.

%/min.mm Hg before treatment (range 0.0008 - 0.0017] and
0.0D66

0.0020 %/min.mm Hg after treatment (range 0.0026 -

0.0125). The mean value of the factors by which the CFCs
increased was 5 _+ 1 (Student: 0.01 < p < 0*05), the range
being 1.S - 10.4. Here the conversion to an absolute measure
was also necessary for a fair comparison. By this conversion
3
the values of the CFC became 0.0007 _+ 0.0001 cm /min.mm Hg
before (range 0.00043 - 0.00099) and 0.0026 _+ 0.0008 cm3/
min.mm Hg after treatment (range 0.00073 - 0.00462) and the
factor became 4 ^ 1
being

1.6

(Student: 0.01 < p < 0.05), the range

- 8.3.

Because the initial steep volume increase after the outset
of venous congestion (figure

1

) constitutes the rate at

which the vascular bed fills, the slope of the rising volume
'equals th.2. (WteJvuit -in^Zou). It was found that the latter was
not influenced by the treatment of oedema.
Table. 1: Summary of m e a n values and Standard errors of the
mean, limited to the most important results of 6 l e g s .

3
C (cm /mm H g )

3
CFC (cm /min. mm Hg ■
■

oedema

treated

oedema

treated

-14

0.019

0.071

0.00099

0.00155

-24

0. 014

0.034

0.00056

0.00155

-21

0.012

0.011

0.00056

0.00462

-18

0.015

0.020

0.00043

0.00344

-26

0.008

0.016

0.00045

0.00078

-34

0.006

0.011

0.00045

0.00073

A V q (%)
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IV. DISCUSSIÜN
The nepftoduetbtlity o{\ the pV-M.la.tion

The venous tone considerably influences venous distensibility
and thereby the pV-relation (COLES and PATTERSDN, 1957]. In
order to enable comparison of two pV-relations of one.patiënt
to be made the venous tone has to be ’
i dentieal. The simplest
way of realising this is to minimize the venous tone. This nan
be done by raising the ambient temperature to a level at which
the patiënt feels '’
comfortably w a r m ” (KIDD and LYONS, 1950).
According to our experience it is even impossible to determine
a reproducible pV-relation when the patiënt has cold feet.
Acclimatization has the further advantage that vasoactive
fluctuations in the skin regions are oppressed to a great
extent so that the volume record fluctuates less.
In a preliminary study we investigated the reproducibility
df the pV-relation in these circumstances. During 1 1/2 months
some 30 pV-relations of one subject were measured. There was
no systematic change of the pV-relation during this period.
The resting venous pressure pQ was 14 + 3 mm Hg, the capacity
C was 0.16 _+ 0.04 %/mm Hg, the volume increment AV/V^ at 80
mm Hg was 4.2 +_ 0.6 %; the errors are Standard deviations.
It was found necessary for the subject to become acclimatized
to the ambient temperature (28 - 30 °C) for approx. one hour
because shorter periods of acclimatization resulted not only
in greater Standard deviations but also in significantly
lower pV-relations (KUIPER and BRAKKEE, 1971).
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The. h e A tin g vtnouA ptioAAuAe.

The resting venous pressure p^ of the patiënt in the supine
position is not influenced by the treatment and is within
the normal range for the supine position. Let us assume that
the external pressure pg exerted on the vessels by the tissue
would have been enhanced by the oedema, then the internal
venous pressure would have been enhanced too in order to maintain venous return. However, the venous pressure p^ is within
the normal range. Therefore it follows that the external
pressure

exerted on the vessels by the oedematous tissue

is about normal, at least in the supine position'.

The. vtU d alafL c a p a c lty

The "oedematous" capacity C, expressed in %/mm Hg, is lower
by a factor of 2.4 on.the average than the "treated” C. The
"oedematous” C is low as compared with normal capacities
whereas the "treated" C is within the normal range. A fair
comparison, however, of both values of C can be made only
after correction for the difference between both reference
volumes V . When this is done by conversion of the capacities
to an absolute measure, the "oedematous" C is still lower by
a factor of 1.8 than the "treated" C (figure 5a).
Pathological-an.atomical experience concerning veins of
patients suffering from haemostatic oedemas reveals that the
vascular wall is hot affected direct by the oedema unless it
is in the terminal stage (VOOYS, personal communication).
Therefore it is reasonable to suppose that the elastic
properties of the vascular wall are the same before and after
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F/tguAe 5:
The difference Ap bet w e e n the venous pressur.es bef ore and after
treatment obtaining with the same volume increment AV (lefthand side of the figure) is plotted together w i t h that volume
increment on the right-hand side of the figure, For interpretation see text.

the treatment of oedema. Under this assumption all the obserVed
changes in the elastic properties. of the system of vessels and
surrounding tissue caused by thé treatment can be attributed
ta the tissue only.
The rigidity of the oedematous tissue can be explained
physically because the oedematous tissue is strained more than
normal tissue. The non-linear elastic properties of physiologic
tissue (FUNG, 1967; SAKATA, PARFITT and PINDER, 1972] cause
the strained tissue to be more rigid than the normal tissue.
The tissue surrounding a blood vessel develops an elastic
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stress as it is deformed by an increase in the vascular volume.
This stress must be greater in the oedematous \case than after
treatment, the deformation being identical. The stress in the
tissue results in counter-pressure on the distending vessel,
which must be higher in the oedematous case than after treat
ment .
The elastic properties of the vascular wall are assumed
to be the same during the presence of oedema and after treat
ment. Hence the volume of the vessels depends only on- the
transmural pressure. So when the same volume is reached.first
during oedema and the second time after treatment, the trans
mural pressure must have been the same in both cases. In
figure 5a, however, the vascular volume is not plotted as a
function of venous pressure, but the vascular volume 'Lnc.Scejne.nt
is. As the ankles were about 10 - 15 cm above heart level
during the measurements it can be assumed that the veins were
almost in a collapsed state. Therefore it is assumed that
differences in r e s ting•volumes before and after treatment are
negligible. Hence it can be said that the transmural pressure
3
Cfigure 5a) at. e.g. AV = 0.65 cm was identical in both cases.
The internal pressures differ by 22 mm Hg, so the external
pressure must have shown the same difference of 22 mm Hg.
3
In this subject the external pressure p at AV = 0.65 cm
e
was 22 mm Hg higher in oedema than after treatment.
In this way the volume increments AV can be plotted
against the corresponding differences Apg of external pressure
(figure 5b3. The interpretation of this curve is simple. When
the tissue is strained by an increasing blood content, it
will develop an elastic stress, resulting in an external
pressure exerted on the blood vessels. This external pressure
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is higher in oedema than after'treatment. Figure 5b indicates
the difference. This difference might be called the supplementary elastic behaviour of the oedematous tissue above the
treated tissue.

The. cap-LULaJuj ^IttAation

The CFC during oedema, being 0.0014 %/min.mm Hg on the average,
is low when compared with the literature data summarized in
table 2. This discrepancy cannot be attributed to the enlarged
reference volume

in oedema. The CFC after treatment seems

to be normal perhaps somewhat high. When the CFC is corrected
for the reference volume V , the CFC in oedema is on the
average still lower by a factor of 4 than after treatment.
Seemingly the capillary filtration is low when venous oedema
has developed. .
Tabte. 2: Some reported CFCs in man (%/min.mm Hg)

CFC

limb

authors

0.0038

lower arm

Krogh, Landis & Turner, 1932

0.0055

lower arm

Landis & Gibbon, 1933

0.0036

lower arm

Kitchin, 1955

0.002

lower arm

Brown, Wise & Wheeler, 1947

0.006

lower arm

Mellander & Öberg, 1967

0.005

calf

Hyman & Wong, 1968

0.011

infant foot

Celander & Marild, 1962

and calf
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The explanation for a change in the CFC can be only a
change in the permeability of the capillary wall or a change
in the capillary surface area available for- fluid exchange.
In fact it cannot be proven that the permeability does .not
change as a result of the treatment of oedema. On the other
hand there seems to be no factor in the treatment that could
serve as a reason for a change in permeability. In this connection it may be mentioned that even during exercise when there
are several factors that could be responsible for a change in
permeability, such a change is not found (ARTURSON and K.JELLMER,
1964). On these grounds it is assümed that the permeability of
the capillary wall is not changed by the treatment of the
oedema. As for the capillary surface area available for fluid
exchange, this seems to depend mainly on the equilibrium of
local tissue metabolism and local.blood flow (COBBOLD, FOLKOW,
KJELLMER and MELLANDER, 1963). The local resting blood flow
was identical before and after treatment of oedema and there
is no reason to suppose a change in local metabolism. Therefore it is assumed that the capillary surface area available
for fluid exchange was n o t .influenced by the treatment either.
These considerations are not compatible with the fact that
the CFC before treatment is found to be much lower than after
treatment of oedema.
The solution of this problem lies in the careless use of
the Standard method of calculating the CFC from the filtration
rate FR. Because the increase of ir during venous congestion
can be neglected it is possible to calculate the CFC from the
expression CFC = FR/Ap where Ap is the increase of the hydrostatic pressure difference between the capillary blood and
the tissue fluid. The change in the capillary blood pressure
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has been in all probability derived correctly: the arterial
blood pressure, 'the venous pressure, and the limb flow are
not influenced by the treatment so that there is no

reason

why during venous (Congestion the capillary pressure should
not increase in the same way before and after treatment of
the oedema. The collecting cuff, however, confines the tissue
fluid to the lower leg during venous congestion. Hence the
elastic stress in the solid tissue caused by venous conges
tion is at least partly transferred to the confined tissue
fluid, resulting in an increased hydrostatic pressure in the
latter. Therefore Ap is not equal to the increase in capillary
pressure; the increase in fluid pressure has to be subtracted.
In order to account for the increased hydrostatic pres
sure of the tissue fluid, a new diagram is made instead of
figure 4 where the FR is plotted against the capillary
pressure increment minus the pressure increase of the tissue
fluid, which is taken to be equal to thé Ap^ of figure 5b.
Now there is no significant difference anymore between the
CFC during oedema and that after the treatment: both are in
the normal range (table 3). Therefore it appears that patients
suffering from venous oedema have a normal CFC and that the
strikingly low filtration rates are caused by the change in
elastic properties of the oedematous tissue.
In conclusion it can be said that one should be very
careful when calculating a CFC from filtration rates that are
derived from venous congestion experiments of oedematous
limbs. When the Standard method is applied one does not know
by how much the hydrostatic pressure of the tissue fluid will
rise during venous congestion. When this pressure rise is
considerable, as we think it is, one gets a false impression

Tabtz 3: CFC before treatment, corrected for enhanced hydrostatic pressure of tissue fluid, and CFC after treatment for
6 individual l e g s . Both CFCs converted to cm^/min.mm Hg.

oedema

treated

0.0031

0.00155

0.0021

0.00155

0.0007

0.00462

0.000B

0.00344

0.0009

0.0007B

0.0004

0.000.73

of the CFC. On the other hand for the patiënt suffering from
venous oedema it is not so much the CFC that is of interest
than the filtration rate itself.

V. SUMMARY

The legs of patients suffering from venous oedema were investigated with strain gauge plethysmography» once during oedema and
again after a 24-hour treatment that on the average squeezed
18 % of tissue fluid out of the initial volume of the measur
ing place. The resting venous pressure was not influenced by
the treatment and was found to be in the normal range, indicating that the oedematous tissue exerts a normal counterpressure on the blood vessels under resting condition's. This
counter-pressure of the oedematous tissue, however, increased
considerably during venous congestion. This can be concluded
from the increase after treatment of the vascular distensibility
by a factor of 1.8 on average. This indicates a higher rigidity of the oedematous tissue. The capillary filtration co
ëfficiënt seemed low during oedema and normal after the treat
ment. If we assume that a pressure rise of the tissue fluid
is caused by increasing elastic stress of the oedematous tissue
during venous congestion, the capillary filtration coefficients
do hot differ significantly anymore.
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CHAPTER IV

LIUB VOLUME DECAY AFTER RELEASE OF
VENOUS CONGESTION

I. INTROOUCTION
The limb volume decay after release of a substantial venous
congestion (figure

1

) shows some remarkable details as first

described by LEWIS and GRANT (1925). An investigation of the
origin of these phénomena may contribute to the better understanding of the peripheral circulation. The first phase of the
post-congestive limb volume decay is rapid; in the second

F-tguAe.

1:

The volume record of a venous congestion experiment, measured
p l e t h y s m o g r a p h i c a l l y . The hump is not always as pronounced as
it is here and the after-drop is not always present.

I
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phase a more. or.less pronounced "hump" is visible; the third
phase shows a slower decay. Qn some occasions the volume temporarily drops below the final resting level after the third
phase. This phenomenon, called the "after-drop" (ABRAMSON,
ZAZEELA and HARRUS, 1939; GASKELL and BURTON, 1953), is conclusively shown by CARO, FOLEY and SUDLOW (1970) to be related
to a subnormal phase of the post-congestive blood flow. There
fore the "after-drop”will not be treated in this paper.
Figure 2 represents a logarithmic graph of a limb volume
record after release of venous congestion. The third phase
is a straight line implying exponential decay with a "final
time constant" (range 7 - 1 2

sec). Sometimes the first phase

is nearly straight at the outset, with an "initial time
constant". In any case an "initial time constant" can be
attributed to the tangent of the volume record in the initial
point (range 1 - 4

sec).

Figure 3 shows the post-congestive blood flow, measured
plethysmographically. This flow turns out to have a maximum
at about

6

seconds (CARO, FOLEY and SUDLOW, 1970). Hence the

beginning of the hump seems to roughly coincide with the m a x i 
mum of the post-congestive flow.
The aim of the present investigation is to explain the
magnitude of the initial and final time constants as well as
the time of the appearence of the hump and its heighth.
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T im e (s e c )

Flgu/tz 2:

The post-congestive volume decay plotted logarithtnically against
time. The time t = 0 is the moment of release of venous conges
tion (subject I C ) .

T im e (s e c )

Figu/id 3:
Measured post-congestive arterial inflow relative to resting
flow. This curve represents the average of 7 experiments; each
experiment was proceded w i t h a 5-minute period of venous conges
tion; a cuff pressure of 70 m m Hg was used (subject I C ) .
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II. THEORY

The rate of change of the limb volume is equal to the differ
ence of the arterial inflow I

a

and the venous outflow I :
v

The symbol V represents the plethysmographically measured volume,
which is a relative volume change AV/V^,

being the resting

volume of the leg. The volume is expressed in

although the

usual unit is ”
ml / 1 0 0 ml tissue".
A.hump is expected when the arterial inflow temporarily
increases above the venous outflow. In that case the slope of
the volume record becomes positive.
When p is the mean arterial pressure and p the venous
pa
v
pressure the arterial inflow I is the ratio of the arterioa
venous pressure difference p - p and the arterio-venous flow
a
v
resistance R . In the same way the venous outflow equals the
ratio of p

and R , where R is the venous flow resistance ex~
v
v
tending to the heart, because the pressure in the right atrium
v

is virtually zero. Hence (1) becomes
dV
Pa
Pv
Pv
d t ’— --------f T'
a
v

‘2 1

The value of p
R

v

and p

is assumed to be constant but the values of R ,
a
a
are functions of time.

v
The relation between the venous pressure and the corres-

ponding limb volume increment is known as the plethysmographic
pV-relation (KUIPER and BRAKKEE, 1971; figure 4 of this chapter).
The mathematical description of a pV-relation has already been
discussed elsewhere (chapter I), but there a linear approxi-
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mation sufficed. The use of a linear approximation is not
permitted here, for the non-linearity of the pV-relation is
essential.in this context as will appear below. When the volume
is plotted against the logarithm of the venous pressure a
straight line can be drawn through the measuring points of the
pV-relation within the error. The pV-relation is therefore
represented by
pv
V = a lp — »

(3)

0

where a (%) and p^ (mm Hg) are constants. Sometimes the lower
part of the curve deviates from the straight. This is for
instance the case in figure 4 where the broken line is the
logarithmic approximation with a = 1.46 % and p^ = 16.5 mm Hg.
The "approximated" resting venous pressure p^ deviates some
times from the actual resting venous pressure p

When the
vO
approximation is accurate enough, p^ can be replaced by p^Q
in (3). Then it follows that a = V/ln(p /p„). When V is small
■v ^ 0
and consequently p^ is only slightly higher than pvQ it follows
that a = p^Q.C^g where

is the slope dV/dp^ of the pV-

relation in point p = PvgAfter substitution of (3) in (2) this differential equation (2 ) becomes
dV
Pa
.1
1 ,
d t ' r ’ p o'ir *
a
a
v

.V.
(4)

The time. conótanti
When it is assumed that R

and R are constant then exp(V/a)
a
v
can be approximated by 1 + (V/a) when V is sufficiently small.

in other words when t is great, enough. In that case the differential equation (4) can be written as
I j j ' . [PC »
V dt
R
a

- ü°jl R V
a
v

R

, !■).
R
a
v

(5,
1

Vi-QUUZ 4 :

The pV-relatian, i.e. the relation betw e e n the venous pressure
p enhanced by venous congestion and the resulting relative
limb volume increment AV/V^. The intercept w i t h the pressure
axis is the resting pressure Pvg- The capacity
is defined
by the slope of the curve (%/mm Hg); it is
at p^ = Pv 0 ‘
The broken line is a mathematical approximation.

’
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The first term at the right-hand side vanishes as both ratios
between the brackets represent the resting blood flow IQ . Hence,
when R a and R v have reached their resting values and are almost
constant the volume decay is exponential. When in the time
constant the parameter a is replaced by p ^ C ^ , the time constant
turns out to be
t

_ RaüRvOCvO
161

During the final volume decay, i.e. after the hump, the
values of R , R and C are nearly equal to the resting values.
a
v
v
°
This theoretical time constant will be found to agree with the
final time constant which was arrived at experimentally.
Expression (6 ) leads us to a very simple model of the
circulation represented in figure 5. This model might be used
to calculate also the theoretical initial time constant r ’. The
initial value of R^ is approximately normal as will be discussed below. The initial value of R

is determined by the
v
3
distance to the cuff instead of the distance to the heart,
for during venous congestion the vessels under the cuff are

F-cguAn 5:
Simple electric analogue of the limb circulation, w h e r e p and
R represent the m e a n artérial pressure and the arterio-venous
ff ow resistance respectively and p , R and C represent the
venous pressure, flow resistance, and capacity.
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practically collapsed. When the cuff is deflated the collected
blood first fills this "gap” before it flows further. During

the filling of the gap the venous flow resistance therefore
is lower than later on. The initial value of C

is obviously
v
less than the C n of (6 ) because of the non-linearity of the
vü
pV-relation. The gap-effect and the non-linearity of the pVrelation cause the initial time constant to be lower than the
final one. The usefulness of this model for the calculation
of both time constants will become apparent below.

Thz hump

The time development of the post-congestive flow as illustrated
in figure 3 is assumed to be caused by a change of the arteriovenous flow resistance. The latter can be described as the sum
of a constant and of two exponential functions:
R

a

= R _ - AR expC— ) - AR exp(— ].
aO
a
a
T2

17)

This implies that the inflow at t = 0, that the moment of the
peak flow and that the height of the peak flow are practically
fixed by the choice of R

AR , x. and t „.
aO
a
1
2
In order to include the gap-effect we assume that the

venous resistance R

begins with a subnormal value and returns
v
to its resting value R^ q exponentially with a time constant
of 1 second. This choice is based on a rough estimation of the
size of the gap and of the initial venous outflow. Hence
R

v

= R n - AR exp(-t).
vO
v

(8 )
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When (7) and (8 ) are substituted into the differential
equation [4) it proves impossible to solve the latter in terms
of known functions. Therefore an analogue computer was used.
Figure B shows the circuit diagram used in reaching the solution.
The Standard circulatory parameters of the input were p
100 mm Hg, p

U

= 10 mm Hg, a = 1 %, R

3U

= 1080 sec.mm Hg/% =

AR , t = 20 sec, x„ = 2 sec, R n = 120 sec.mm Hg/%, AR
a
1
2
vO
v
96 sec.mm Hg/% and pvi (the initial venous pressure) = 50 mm
Hg. In the diagram V_^ represents the initial volume. The
resistance values were calculated from a resting flow

1

^ =

5 %/min. From these data follow both an initial time constant
of 2.35 sec and a final one of 10.8 sec when expression [6 )
is used.
Figure 7 represents the solution for the Standard imput;
the development of V (%), ln V, I

(%/min) and Iy (%/min) has

been plotted. It should be kept in mind that the development
of I

has been practically fixed beforehand by the develop0

ment of the arterio-venous flow resistance according to (7).
It is clear that a volume hump will indeed appear when I
temporarily drops below I . The initial and final time con
stants derived from this graph are approx. 2.4 and 10 sec
respectively which agrees rather well with the values calcu
lated before.
When R^^ is increased by omitting the gap-effect, the
resulting graph shows that the initial time constant increases
as well. When C . is reduced by the choice of a higher o
vi
J
VI
the resulting graph shows that the initial time constant
decreases. Both effects are to be expected because of (6 ).
The time of appearance of the hump can be expected to
be earlier or later all according to the peak of the post-

96
RaO

+1

Fi.guAe 6 :
The simulation of the differential equation (4) on the analogue
computer. The analogue computer was simulated on a digital
computer (PDP9) by means of the Fortran pro g r a m PANDORA,
des i g n e d by If. W. de Boer, Technische Hogeschool, Delft.
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T im e (s e c )

F-LguJiz 7:

The solution of the analogue computer for V, ln V and I .
In fact I has been practically fixed beforehand.

3.

congestive flow appearing earlier or later. This is confirmed
by the analogue computer. A special case of a very early hump
can be observed during post-ischaemic reactive hyperaemia.
Figure Ba shows a like hump measured during normal reactive
hyperaemia, figure

8

b shows a similar hump when before the

ischaemic period the blood in the occluded limb is packed to
result in a higher volume. In either figure the hump is not
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preceded by the normal volume decay, whereas it is known that
the post-ischaemic flow generally has its maximum immediately
after release of the occlusion. Both cases have been simulated
on the analogue computer by the'omission of the term with
expC-t/T^) of formula (7) and by the choice of a suitable
initial venous pressure..Figure 9 agrees with the experiments
as for the immediate appearence of thè hump. Furthermore the
heighth of the hump can be e'xpected to increase with increasing peak flow. This is confirmed by the analogue computer
when AR

0

was changed.

According to C6 ], variations of the Rs and of the C result in corresponding changes of the final time constant.

Vigunz 8:

Two registrations of limb volume behavióur during reactive
hyperaemia. (a) normal, (b) with the veins congested dur i n g
the ischaemic period.
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This is also confirmed by several graphs.
The value of the model lies in the fact that both appearence
and values of the time constants can be understood and calcu
lated; furthermore that the appearance and the moment in time
of the hump can also be understood.
A mt^jor part of this theory has been verified experimentally as can be seen from the following.

V(%)

T im e (s e c )

T im e c s e o

V-iguAz 9:

Computer solutions of limb volume behaviour as in figure 8a
and 8b r e s p e c t i v e l y .

III. flETHODS

The subjects lay in the supine position when measured on the
leg or sat comfortably when measured on the arm. Room temperature was 28 - 30 °C, except when the influence of temperature
changes (20 - 30 °C) on the volume decay was investigated.
Volume changes of the li'mb were measured with a strain gauge
plethysmograph and noted on a potentiometer ink recorder. The
plethysmographic method is described by various authors
(HEWLETT and VAN ZWALUWENBURG, 1909; WHITNEY, 1953; BRAKKEE
and VENDRIK, 1966). The volume canges AV/V^ could be evaluated
in ml / 1 0 0 ml tissuê by means of the electric calibration
(BRAKKEE and VENDRIK, 1966) of the plethysmograph. Instead of
the unit ”ml / 1 0 0 ml tissue" in the present thesis the simple
symbol

will be used. Blood flow was measured plethysmo-

graphically with a cuff pressure of about 70 mm Hg. Flow
velocity was measured with a directional Doppler ultrasonic
flowmeter (model 806, Parks Electr. Lab., Oregon) on the
radial artery and corresponding vein. The time constants
theoretically depend on the initial and final values of Rg ,
R

and C . The final values are assumed to be the resting
v
v
values. R was varied by applying different congestion periods
0

in the hope that this would result in a different time development of the post-congestive flow. The initial value of R^ was
varied by the taking of different distances between the
measuring place and the cuff. The initial value of

was

varied by the use of different cuff pressures during conges
tion and the final value of

by the changing of the ambient

temperature. The circulatory parameters that were needed to
calculate the theoretical initial and final time constants

were measured and the theoretical values were compared with
the observed values.
The development in time of the post-congestive flow plays an
important role in this investigation. Therefore it was carefully measured by means of strain gauge plethysmography but
in addition the blood velocity was measured during the postcongestive period by means of the ultrasound Doppler techniques.
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IV. RESULTS

The. clficutcutofiy pcULO.me.teAA needed to calculate the theoretical

time constants were measured. They are shown for 5 subjects in
the table below together with the theoretical and the observed
time constants. In this table t represents thé theoretical
final time constant derived from (6 ), and x' represents the
theoretical initial time constant with the estimated initial
R

and with the C corresponding with the initial venous
v
v
pressure.
The fanaZ time, conótant could not be significantly influenced

in any way, which is compatible with the theory.
Table of circulatory parameters and time constants of 5 sub
jects .

’

T

T

(sec)

(sec)

Tf

T.

<
o

n

observed

calculated

observed
Pa

To

(%/mm Hg)

(mm Hg)

(%/min)

10

0. 040

93

1.6

13+_4

2

8.0

10

0.059
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2.1

15^3

1

9.9

1.7

10

0.. 041

93

2.4

9+_3

1

5.4

1.4

10

0.054

100

4. 3

7+2

1

8.6

3.8

8

0. 045

81

1.9

10^3

2

pv 0
(mm Hg)

(sec)

10

1

(sec)
■2 . 0

1.5

103
tAJnz constant could not be influenced significantly

The.

by variations of a m b i e n t ,ternperature; it increased with longer
congestion periods and with a greater distance between measuring place and cuff; it decreased with a higher cuff pressure.
Thëse results are ali compatible with the theory, which will
be discussed below. An example of the volume decays at diffe
rent distances between measuring place and cuff is given in
figure

10

.

T im e c s e o

flQVJlZ 10:

The measured p o s t - congestive vo l u m e decay; thé lower curve
w i t h a distance of 8 cm and the upper curve with a distance
of 28 cm between m e a s u r i n g place and dis tal edge of cuff.
E a c h curve represents the average of 5 experiments. The final
time constants are not significantly different.

*

104

The plethysmographically measured poit-congeAtsive. fi-tciW is
initially low and reaches a maximum after about

6

seconds.

Figure 11 represent's a record of a flow mea'surement lasting
from 1 to 12 seconds after release of congestion. At a given

cuff pressure. the peak flow increases with longer congestion
time while the moment at which the peak flow appeared did not
change. At a cuff pressure of 70 mm Hg the relative peak flow
was 4.9

1.1 after a 3-minute period of congestion and was

8.0 + 1.1 after a 4-minute period of congestion. The errors
are the Standard deviations obtained from 4 and 8 measurements respectively, carried out on one subject. An example
of the plethysmographically measured post-congestive flow has
already been given in figure 3.
J en d o f th e c o n g e s tio n

t

s ta rt o f th e flo w m e a s u re m e n t

l _ l ___ I___ ■ I

■ ■ ‘
___ I
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IrlQUAZ 11:

The volume record during the last seconds of the venous conges
tion and during the flow measurements after release of conges
tion.
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FiguAz 12:
Doppler signal after 2-3 m i n u t e s ' venous congestion of the
arm to 70 m m Hg. Lower trace: signal of radial artery, upper
trace: signal of corresponding vein.
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The poit-congeAtivt btood veZocity reaches a maximutn at about

7 seconds as can be seen in the lower trace of figure 12. The
lower signal represents the pulsating arterial blood velocity.
The mean velocity clearly increases after release of congestion.
After the peak it decreases- again. From the upper trace it is
clear that immediately after release of congestion the venous
blood velocity is extremely high for a period of scime seconds.
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V. DISCUSSION

Three arguments confirm that tho, fancit timz con&tant depends
on resting values of circulatory parameters. In the first
instance this dependency suggests.itself because the decay
becomes exponential only when the system has almost reverted
to its resting condition. Secondly the observed final time
constant corresponds to the calculated time constant when
the resting values of the parameters are used. Thirdly it
has been shown that the final time constant cannot be influenced by changes in the initial conditions. A low ambient
temperature, however, constitutes an influence that is not
confined to the initial. conditions only. It is supposed to
decrease the capacity of the skin vessels as already ex~
plained elsewhere (chapter I). However, the effect is not
measurable, probably because it is small in comparison with
the fluctuations of the volume decay. This is comprehensible
both for the calf where reproducibility is good but where
the skin is only a small part of the total volume and for
the foot where reproducibility is very bad.
The.

nvtóll tÏMn. con&tant clearly depends on the initial values

of the circulatory parameters: it rises with increasing dis
tance between cuff and measuring place, i.e. with increasing
R , and it decreases with higher congestion pressure, i.e.
with decreasing C . The initial value of R is probably not
V
3
influenced to a large extent by the prolonging of the con
gestion period. In that case a higher peak flow is reached in
about the same time, hence the initial curvature of the volume
record is greater and so the initial time constant seems
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greater than it is.
The time constants might-be subjected to otheA -in^lunnceA
such as capillary filtration or visco-elastic effects. The
time constant of the first effect is in the order of minutes
tchapter II) and the volume involved is small. The time con
stant of the latter effect is in the order of minutes as
well (SAKATA, PARFITT and PINDER, 1972). Therefore probably
neither effect has a measurable influence on the time
constants of the post-congestive volume decay.
The plethysmographically measured aAtz^iiat

shows a

maximum after about B seconds. Four arguments confirm that
the initial flow is lower than the peak flow. First the slope
of the volume record increases during the first seconds of a
flow measurement immediately after release of congestion as
shown in figure 11. If the flow measurement had been in
correct, the slope would not have increased (chapter I).
Secondly the Doppler measurements show that the flow velocity
has a maximum after about

6

seconds. Thirdly the theoretical

considerations show that the hump appears immediately after
release of congestion when the flow develops exponentially
and is delayed when the flow reaches a maximum after a few
seconds. Finally there are other experimentally proven argu
ments: during venous congestion the peripheral flow resistance
decreases slightly (WILKIIMS, HALPERIN and LITTER, 1950;
GREENFIELD and PATTERSON, 1954; COLES and KIDD, 1957; BLAIR,
GLDVER, GREENFIELD and RDDDIE, 1959) whereas sóme authors
report even a slight increase at higher congestive pressures
(50 - 100’mm Hg: CARO, FOLEY, SUDLOW and UR, 1969). Anyhow,
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this change of the peripheral flow resistance is small and so
cannot result in a high initial flow after release of conges
tion .
It is obvious in deXefvmi.ni.YiQ the pV-H.Qt0LtA.0vi one should not
include a possible after-drop in the measurement of the over
all volume drop after release of congestion.
The oni.Qi.vi ofi the. behaviouA. ofi the po-it-congeAttve fitow is not

known. "Some myogenic response” is thought to be responsible
for its maximal phase (CARO, FüLEY and SUDLOW, 1970) as well
as for its subnormal phase (WALKER, MACKAY and VAN LOON, 1967).
The myogenic theory (BAYLISS, 1902) assumes that the tone of
thé resistance vessels increases with increasing strain.. This
has been found true by FOLKOW (1949), and JOHNSON (1968).
During venous congestion the internal pressure of the arterioles is enhanced. Therefore it can be expected that the tone
of these vessels is enhanced as well. This does not necessarily
result in a decreased peripheral resistance because of the
dilating effect of the increased internal pressure. Possibly
the dilating effect wins at lower pressures (slight decrease
of resistance) and the tone wins at higher pressures (slight
increase of resistance). Anyhow, a myogenic response would
tend to increase the initial arterio-venous flow resistance.
On the other hand there must be a second effect of un~
known origin that tends to decrease the arterio-venous flow
resistance for otherwise the flow would never exceed the rest
ing value. The competition of these two antagonizing effects
might explain the origin of the flow maximum when the effects
disappear with different time constants.
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VI. SUITIARY

The vascular volume decay after release of substantial venous
congestion is analysed in detail. There is a "hump” that
appears at about 5 seconds and lasts till about 10 seconds.
This is caused by a post-congestive hyperaemia, so that the
arterial inflow temporarily exceeds the venous outflow.
Both the initial and final time constant of the volume decay
(before and after the hump) can be understoöd and calculated
from measurable circulatory parameters and from effects
caused by the collecting cuff.
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SAMENVATTING

Het onderzoek houdt zich bezig met de perifere circulatie en
capillaire filtratie in het menselijk onderbeen naar aanlei
ding van vragen uit de Dermatologische Kliniek. Deze vragen
betreffen de interpretatie van de resultaten van plethysmografische meetmethoden die worden gebruikt voor de diagnos
tiek van patiënten met perifeer vaatlijdenHoo^dAtuk 1 behandelt het meten van de CUvtzhAJtlo. 6tfW0m&t2Akt<L

van het bloed naar het onderbeen met behulp van rekstrookjesplethysmografie. Er zijn drie fundamentele beperkingen ver
bonden aan de meetmethode: de stroomsterkte wordt te laag
gemeten wanneer de manchetdruk zo hoog is dat de stroomsterk
te wordt belemmerd of zo laag is dat er veneuze afvoer ontstaat
of wanneer het arterioveneuze drukverschil teveel oploopt
tijdens de stuwing zodat de stroomsterkte afneemt. De grenzen
van de geoorloofde manchetdrukken worden quantitatief afge
leid, waarna een optimale manchetdruk wordt gedefinieerd.
Zelfs wanneer de optimale manchetdruk wordt gebruikt is het
in bepaalde gevallen zeker dat de piekstroomsterkte tijdens
reaktieve hyperaemie niet korrekt gemeten kan worden.
HooficL&tuk II behandelt het meten van de cCLpA^tlaJjLQ.

in de kuit met rekstrookjesplethysmografie gedurende aange
houden veneuze stuwing. De hoeveelheid vocht die uit de
capillairen het weefsel is ingestroomd gedurende de stuwing
kan worden gevonden uit de helling van het stuwniveau, het
verschil in rustniveau voor en na de stuwing en uit het
verschil in "gereduceerd volume” voor en na de stuwing.

1.14

Het "gereduceerd volume" ontstaat door met behulp van' uitwen
dige druk op de kuit daaruit alle bloed w e g :te pérsen zodat
een verschil in "gereduceerd volume” voor en na stuwing alleen
uit weefselvocht kan bestaan.. Na zekere korrekties, die b e 
grepen kunnen worden uit het gedrag van vrij en gebonden weefselvloeistof, blijken deze drie maten dezelfde capillaire
filtratiecoëfficiënten op te leveren.
Hoofid&tuk 111 beschrijft een onderzoek naar eHaityÏAche. u)e.e.{j£eZeA.gtn6cka.ppZ Y i en capZIZaAJie. h-ULtHCUtLe. bij patiënten met een
VZneui oe.de.rn. Twintig patiënten werden eenmaal onderzocht bij

goed ontwikkeld oedeem en eenmaal na behandeling van het
oedeem gedurende een etmaal. De behandeling gaf een verlies
van gemiddeld bijna 20% aan weefselvocht. De veneuze ru&tdruk
werd niet door de behandeling beinvloed en was normaal voor
een mens in liggende houding. Dit betekent dat bij deze hou
ding het oedematisch weefsel een normale druk op de vaten
uitoefent onder rustkondities. Deze druk van het oedematisch
weefsel neemt echter belangrijk toe tijdens veneuze stuwing
zoals kan worden gekonkludeerd uit de toename van de capaci
teit van het vaatbed met een faktor

2

door de behandeling.

Dit duidt op een grotere stugheid van het oedematisch weefsel.
De capillaire

filtratiecoëfficiënt leek laag bij oedeem en

was normaal na behandeling. Na korrektie voor een drukverhoging van de weefselvloeistof, veroorzaakt door de toename
van de elastische spanning van het oedematisch Weefsel gedu
rende veneuze stuwing, verschilden de capillaire filtratiecoëfficiënten voor en na behandeling niet meer significant.
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Hootfdótuk II/ geeft een beschouwing over de \JoZum<ldaJLLng van

de kuit na het opheffen van een veneuze stuwing, die in ver
schillende fasen verloopt. De eerste fase is een snelle afname,
in de tweede fase treedt een voorbijgaande volumestijging op
en de derde fase is een exponentiële volumedaling aanmerkelijk
trager dan de eerste fase. Dit verloop blijkt goed verklaar
baar te zijn uit meetbare circulatoire parameters, een arte
fact vanwege het gebruik van de stjwmanchet en een hyperaemie
na de stuwing.
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STELLINGEN

-

1

-

.. ... .{
Het is veelal nuttig de door centrale invloeden veroorzaakte
fluctuaties in een plethysmografische registratie te verminderen
door van het signaal van de meetplaats dat van de contralaterale
zijde af te trekken met behulp van een verschilversterker.

-2 >. p

De pV-relatie van het been, d.i. het verband tussen veneuze
druk en beenvolume, is bij aanwezigheid van oedeem anders dan
na behandeling van het oedeem. Het verschil kan warden opgevat
als een recept voor therapeutische elastische kousen.
(figuur 5b op blz.78 van dit proefschrift).
-3Wanneer van in vitro gemeten venen en arteriën de tangentiele
Young's modulus en de tangentiele wandspanning dubbellogari'thmisch tegen elkaar worden uitgezet, ontstaat een verzameling
rechten met geringe spreiding (Afstudeeronderzoek Th.Smits,
Lab.Med.Fys., 1972). Dit gegeven kan gebruikt worden om de:
invloed van elastische eigenschappen van het weefsel op de
pV-relatie te onderzoeken.
-4Voor het bestuderen van snel verlopende circulatoire processen
is het van belang de dynamische pV-relatie te kennen, d.i. het
verband tussen veneuze druk en volume met als parameter de
frequentie waarmee de druk- en volumeveranderingen plaats vinden.
-5De term "veneuze occlusie" wordt vaak ten onrechte gebruikt waar
slechts sprake .is van veneuze stuwing.

-6-

In de formule van Moens-Korteweg betreffende de voortplantings
snelheid van drukgolven in de arteriën ontbreekt een factor 4/3
onder het wortelteken.
-7Natuurkundig gesproken is er geen verschil tussen tocht en wind.
Dientengevolge moet het als bijgeloof worden opgevat wanneer
de volksmond beweert dat het één wel en het ander niet aanlei
ding kan geven tot verkoudheid.

-

0-

Het verdient aanbeveling bij het ontwerpen van vergelijkbare
jachten uit te gaan van een op simpele wijze demonteerbare
uniforme kiel. Dit bevordert het gemak van het wegtransport
naar en van de vakantiebestemming wanneer ter plaatse een
passende kiel beschikbaar is.

-

9

-

De sportvisserij is niet gebaat bij het organiseren Van een
Kanjerkoning competitie.

tom van schalm
13 april 1972

