Venous occlusion
plethysmography

Part 1: Basic principles and applications

JAN-ERIK SIGDELL*

A complete review of plethysmographic methods using the venous occlusion
technique is given. All methods known to the author are covered, with com-
ments on their applications. A comprehensive list of relevant literature con-

cludes the review.

LETHYSMOGRAPHY is the recording of
P variations in the volume of a liquid
or an undissolved gas in biological
tissues. In the latter sense, study of
gas contents, it is used for investigations
of the respiratory system (whole body
plethysmography or impedance plethys-
mography of the chest). In the first
sense, the study of liquid contents, it is
a tool for studies of peripheral circula-
tion through the recording of the vary-
ing blood content in a limb. Attempts
have also been made to derive certain
information on more central functions
of the circulatory system as well as to
study certain organs, either operatively
exposed or studied via a natural cavity
in the body. One specific method for
peripheral circulation studies is venous
occlusion plethysmography, which will
be treated below. The scope is a com-
prehensive review of known techniques,
based on a study of the literature as
well as on the writer’s own work and
experience.

The basic principle of venous
occlusion plethysmography
If a limb of the body is inserted, wholly
or partially, into a device which can
measure its volume and an occlusion
cuff is mounted on the limb, proximally
to the device (see the sketch in Figure
1), one has an arrangement which
allows for a non-invasive measurement
of perfusion and several other physio-
logical parameters!-5.

Before the veins are occluded through
inflation of the cuff, the tissue volume,
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enclosed in the measuring device, re-
mains constant at the resting value Vo,
and the total arterial and venous blood
flows through the limb cross-section at
the entrance to the device are equal (in
temporal mean values, i.e., apart from
pulsations). Pressure and flow values
may be represented by the notations
defined in Figure 1.

As a reference point, we may define
zero time as the moment when the cuff
is suddenly inflated to a certain pressure
(denoted by pm) which should fall
between the venous pressure p. and the
diastolic arterial pressure p.». Due to

_the gradient inside the tissue, a pressure

somewhat lower than the cuff pressure
is exerted on the veins, the true value
of this pressure varying with the depth
of the vein. One may call the smallest
value (in the cross-section through the
middle of the cuff, but outside the
bones, which will be briefly discussed
later) the occluding pressure poo.. This
is the relevant value for the occlusion
and it must be larger than the venous
pressure, so that no vein is left open.
The venous drain from the limb is thus
suddenly stopped and only the arterial
inflow @ remains, until the distal ven-
ous pressure p.s reaches the occluding
pressure. When this occurs, the veins
under the cuff, one after the other (out-
wards), open up again. A schematic
drawing of the corresponding volume
variation with time is given in Figure 2,
omitting the superimposed pulsations.

In the first part (after occlusion) of
the course of this curve®, the flow still
amounts to the resting value o (see
Figure 1) and therefore the initial
slope?8, or derivative with respect to
time ¢, of the volume increase is a
measure of the arterial inflow in the
undisturbed state:

av |
®o = —| 0)
dt | t=0
In its initial part, the volume increase
is thus linear, but as the distal venous
pressure grows, the flow is gradually
reduced® and the increase becomes
curved. When the distal venous pres-
sure reaches the occluding pressure, the
curvature increases rapidly due to the
starting drain, but the net flow soon
stabilises again at another almost con-
stant value, much smaller than the rest-
ing value. At this part of the volume
increase, another linear slope is found,
but with a much smaller rate. Here
the total volume of the blood vessels
remains constant. The increase is ex-
plained by the accumulation of extra-
vascular liquid in the tissue due to an
increased capillary pressure, which dis-
turbs the equilibrium in the liquid-
exchange through the capillary walls,
assumed to have existed before the
occlusion. This will be further discussed
below.

blood flow at entrance to device

volume
v=y,

acclusion cuff, capillary shunt

ure By =0

a. BEFORE OCCLUSION

Pa. >

t
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]
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b. AFTER OCCLUSION (at t=0)

Fig. 1. Schematic representation of venous

occlusion plethysmography, a) before and

b) after the occlusion (the cuff is inflated
at a pressure pn when t = O).
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Fig. 2. Basic course of the volume increase after occlusion of
the veins (superimposed pulsations are not drawn).

In this phase, in- and outflows at the
entrance to the measuring device are
almost equal. The small difference
amounts to the net outflow through the
capillary walls (pore, see below) and
here one has '

T t
V=Vor+ | ®dt+ § gerc dt (2)
0 T

where T is the moment when the veins
under the cuff open (actually a mid-
point of a small time interval in which
they open). At times between the
occlusion and this moment, only the
first integral in Equation 2 remains,
but with ¢ instead of T as the upper
limit (see Figure 1).

Eventually, the pressure of the extra-
vascular liquid is so much increased
(due to the elasticity of the tissue) that
a new equilibrium is reached for the
liquid exchange through the capillary
walls. Here the volume course reaches
a horizontal asymptote.

Figure 3 shows a recording of the
volume curve, from the foot and calf
of a small infant, on which the"two
linear slopes of the volume increase can
be seen. The time scale is here so much
compressed that the pulsations are no
longer visible.

Perfusion

The blood flow ®o, measured according
to Equation 1, is a function of the basic
volume Vo under study. Therefore the
measurement is more properly pre-
sented as the mean perfusion P of the
tissue involved

(0

P= 3)

Vo
a mean value of the local tissue perfu-
sion, taken over the whole enclosed
limb volume Vo. The perfusion is often
given in ml/(min, 100 ml).f Normal
values in this unit® at rest and measured
over the foot and calf occur at about
4 for the adult, 7 for the newborn and

tThe notation ml[100 ml/min (sometimes
seen) is unclear since it can mean either
(ml/100 ml)/min = ml[(min, 100 ml) or
ml /(100 ml/min) = (ml, min)/100 mi!

there).

roughly 15 for the premature infant. A
typical perfusion measurement for the
newborn infant is shown in Figure 4
and was recorded during exchange
transfusion at infusion (A) and with-
drawal (B) of blood.

Capillary filtration coefficient
(CFO)

The fluid exchange through the capil-
lary wall® is probably passive in both
directions; active transport, should it
occur, is not dominant. Passive ex-
changes occur through diffusion and
filtration. The filtration portion, which
causes the second linear slope in the
plethysmogram, is of itself the less
important. However, as a function of
the capillary wall surface, it is an in-
direct indicator of the local capillary
vascularity, and it is to be expected that
physiological factors, for example
changes in total wall surface, influence
filtration and diffusion in similar man-
ners. In addition, filtration studies can
give hints on severe capillary lesions,
and the correlation between filtration
and perfusion can give an indication of
the relation between “nutritive” blood
flow, through capillaries, and “non-
nutritive” blood flow, shunted past the
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Fig. 4. Example of perfusion measure-
ment on a newborn child at infusion
(“IN”) and withdrawal (“OUT”) of blood
during exchange transfusion.

. T 1 1 T |
Minutes
e t Fig. 3. Course of the volume increase, measured over the foot
ecclusion and calf of a small infant (cf. Fig. 2—the transition to a hori-

zontal asymptote in real cases occurs much later than sketched

capillaries. The information on capil-
lary filtration, which is available
through plethysmography, can therefore
be of diagnostic value, even though the
diffusion, which is much more difficult
to measure, is not known.

Experimental investigations have
shown that about 80%, of the pressure
increase in the distal veins after occlu-
sion Apes is transmitted to the capil-
lariest0:

Apep = 0.8 Apra @)
where Apesp is the corresponding pres-
sure increase in the capillaries. The
pressure increase in the distal veins is,
furthermore, approximately given by

Apw = Pm — Pv )
where the difference between the cuff
pressure and the true occluding pres-
sure is neglected. With these formulae,
one can calculate the capillary filtration
coefficient, CFC, defined as

q)()l‘ﬂ
CFC = —— ©)
Vo Apcnp
where
dv
Qoro = —— (@)
dt
taken at the second linear slope of the
plethysmogram. The approximation
through Equation 5 gives a systematic
error. Experiments have shown that
the CFC remains quite constant for
different values of the distal venous
pressure increase. A better approxima-
tion is therefore found!® if two values
gore: and gorc: are taken at two dif-
ferent cuff pressures (p»: and pm:). The
difference between the corresponding
distal venous pressure values is nearly
the same as the difference between the
two cuff pressures. Therefore one finds,
from Equations 4 and 6, as a better
approximation:
QCFC1 — QPCFC2
CFfC =~ —8™M— (8
0.8 Vo (pm-—pm:)
The CFC is often given in ml/(min,
mm Hg, 100 ml). Normal values in this
unit® fall at about 0.005 for the adult,
0.01 for the newborn and 0.025 for the
premature infant. This demonstrates
the higher vascularity (“capillaries per
unit volume”) of the newborn.
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Peripheral resistance
The peripheral resistance R is of diag-
nostic importance for certain purposes.
From measurements of blood pressure
and perfusion, this resistance can be
calculated from the definition

Pa

R - ®

P

where En is the mean arterial pressure,
which can be estimated from the dias-
tolic and systolic values and is approxi-
mately the diastolic value plus § of the
difference?, but is better measured in-
vasively. Normal values® are roughly
23 for the adult, 10 for the newborn
and 3 (mm Hg, min, 100 ml)/ml for the
premature infant.

Maximal perfusion capacity

For diagnostic purposes the maximal
perfusion capacity is of great value.
This is the highest value of the perfu-
sion that can be elicited. An approxi-
mation is arrived at if the patient is
made to perform muscular work with
the limb to be studied, if it is warmed
up or—probably the best method for
this purpose—through reactive hyper-
aemia as a result of an ischaemic
period. If the last method is used, the
cuff is inflated to a suprasystolic pres-
sure for, usually, 5 to 10 minutes. The
reaction to this interruption of the cir-
culation is a greatly increased perfusion
which comes close to the highest pos-
sible value. Normal values are about
5 to 10 times higher than at rest.

Volume pulsation
The “resting volume” with an empty
cuff is, of course, not constant, but
pulsates with the heart beat and at
times, one may even find a peripheral
variation with the respiration. The
volume pulsation may also serve diag-
nostic purposes, the curve being in-
fluenced by the elastic properties of the
arterial walls and possible proximal
obstructions. The local peripheral re-
sistance should also have some influence
on the curve form, especially when a
proximal obstruction does exist.
Because of the limited propagation
velocity of the pulse wave, there is
some loss of detail in the pulse curve
if one measures over a longer distance
of the limb. This can, for example,
lead to the disappearance of the dicro-
tic notch.

Elasticity of the blood vessels

From studies of pressure-volume rela-
tions at varying pressures in the plethys-
mograph, elastic properties of veins and
arteries can be assessed!1,12, The final
value of the distal venous pressure is
determined by the occlusion cuff, and
the volume in the veins, at the point
where the CFC-slope begins, depends
upon the pressure in the plethysmo-
graph and the elasticity of the venous
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walls. The pulsations in the volume,
measured by the plethysmograph, and
in the intra-arterial pressure (measured
invasively) are governed by the pres-
sure in the plethysmograph and the
elasticity of the arterial walls!1,12,
Through mathematical analysis of the
pressure and volume pulsations, based
upon a mathematical model of the
vascular circuit in the limb, more
detailed information on the elastic
(compliance) and resistive properties of
the arterial part can be obtained!3.14,

Blood pressure

The systolic pressure is easily measured
during plethysmography. The cuff is
inflated to a suprasystolic pressure and
the air then slowly let out again, until
the measured volume in the plethysmo-
graph just starts to increasel%16.17,
This increase is caused by the systolic
peaks of the pressure pulsation in the
arteries, which now can just pass the
“cuff barrier”. The diastolic pressure
can be determined from a graph,
showing perfusion as a function of cuff
pressure as a result of a number of
measurements. “Knees” on the curve
(where it bends towards an upper or
lower asymptote) show the diastolic and
systolic pressure values, the latter some-
what more accurately than with the
above method16,18,

This procedure with a diagram is a
little tedious, but of interest in cases
where the Riva - Rocci - Korotkoff
method fails, for example in the new-
born, if a plethysmographic study is
undertaken for other reasons.

Diagnostic applications

One important application is the diag-
nosis of arteriosclerotic changes in the
arteries of the leg. A suitable procedure
for this purpose is a study of the per-
fusion capacity at reactive hyper-
aemial?20,21,  Siggaard-Andersen has
determined normal values of perfusion
in this state2®, which can be derived

from
3
:l (10

60
P=31[ 1+ 10 <——
60+t

as a quite good description of the mean
values, with a variation of about #=25%,
initially, increasing up to ==60%, after
20 seconds.

This formula has been devised by the
present author from the values given
by Siggaard-Andersen. The time ¢ is
here measured in seconds from the end
of an ischaemic period of 5 minutes
and the perfusion P in ml/(min, 1). In
arteriosclerosis without - complete ob-
literation, the maximal value is signifi-
cantly smaller, but still occurs at the
moment when the flow is released.
When an artery is occluded the maxi-
mal value is greatly reduced and is also
delayed, so that it may occur even one
or two minutes later. The starting value
of the perfusion, after the ischaemia,
may in that case be even lower than

- at the funicle3l.

at rest. The effect of external pressure
during reactive hyperaemia has also
been studied?2.

As has already been mentioned, cer-
tain changes in the blood vessels and,
under some circumstances, data contri-
buting to cardiac diagnosis, can be in-
ferred from studies of the volume
pulsation23-27, Hitherto, the more usual
procedure seems to have been a more
or less qualitative judgement of the
curve form. A Fourier analysis of the
pulse curve, which would then have
to be related to the pressure pulse
curve, has not yet been tried, as far as
the author knows (although the analysis
for elastic properties, mentioned above,
is related to itl¥). However, such an
analysis could quite possibly give more
quantitative results for diagnostic pur-
poses.

Attempts are sometimes made to
discriminate, by  plethysmographic
methods, between the perfusion of the
muscles and the skin. The best method
is probably the measurement of the
clearance of a radioactive liquid, in-
jected into muscle and cutaneous tis-
sues?8. More direct volume-plethysmo-
graphic procedures seem, for this pur-
pose, more or less unreliable, or require,
at least, the utmost care in the pro-
cedure and the choice of the site of
measurement which may not always
have been observed in the past2®.

Comparative blood pressure measure-
ments by means of a segmental plethys-
mograph have been applied to the diag-
nosis of arterial insufficiency in the
lower limb!7.

In order to broaden the range of
linear increase of volume after occlu-
sion, one may expel the blood from the
vessels in the limb part under study, by
means of a suprasystolic pressure
applied to the part studied for a brief
period before the occlusion3®, either in
the plethysmographic chamber or with
a second cuff. The plethysmographic
record then starts with empty veins, in
this case a maximal volume is observed
after some 10 seconds, whereafter the
volume drops to a plateau®?, This effect
is a moderate reactive hyperaemia.

In a few applications, plethysmo-
graphy has been applied to certain
organs, exposed through surgery. One
example is the measurement of the per-
fusion of the testis (surgically exposed
at ablation of the testis in cases of
cancer of the prostate), with occlusion
Another example is
the measurement of volume pulsations
in a segment of an exposed artery32,

Volume changes with posture (of the
limb) and breathing, measured with a
plethysmograph, can give diagnostic in
formation on venous disorders33,34,35

A technique for ocular plethysmo-
graphy can provide diagnostic data in
carotid artery disease3S.

Part 2 of this paper will be published in
the September issue.
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Venous occlusion
plethysmography

Part 2 : methods

JAN-ERIK SIGDELL*

HE FIRST PART of this review cover-

ing the basic principles and applica-
tions of venous occlusion plethysmo-
graphy appeared in the August issue of
this journal (Biomedical Engineering,
10, 300-302).
Here a brief survey of quantitative and
more direct methods will be given.
There is also a number of more quali-
tative or more indirect methods for
which the literature is referred to 2.37-40
(for example photoplethysmography5:26,
mechanical force or displacement sen-
sors23, thermal clearance or clearance of
a radioactive liquid28). The general
references above also give reviews of
methods mentioned below.

Displacement methods

In this group of methods a chamber,
which encloses the limb to be investi-
gated, is used, together with a liquid or
air. The displacement of the fluid is,
of course, a direct measure of the limb
volume. The technical problems in-
volved mainly concern a suitable trans-
ducer for displacement variations and
the seal at the entrance to the chamber.
The calibration is simple and direct:
injection or withdrawal of a known
volume of the fluid. If a liquid is used,
the most common choice is water.

Liquid plethysmographs

These are the more accurate, as
far as the volume measurement itself
is concerned, because of the direct con-
nection between the limb volume and
the displacement. The influence of
temperature, provided the liquid is at
body temperature, and of ambient pres-
sure, is minimal. On the other hand,
the moisture and the hydrostatic pres-

*Gellertstrasse 72, CH-4052 Basel Switzer-
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sure may, under some circumstances,

have physiological effects on the limb.

But, again, the moisture is ‘“standard-

ised” to 100%, (absolute value) and the

hydrostatic pressure difference between
two points on the limb amounts to only

a few centimetres of water if the limb

is held in a horizontal position. The

mean pressure can easily be selected

(zero, negative or positive) by means of

the position of the free water surface.

The pressure pulsations with volume

can be made negligible by using a

highly sensitive transducer, requiring

only minimal shifts of the liquid level,
for the displacement.

This type of plethysmograph is the
first choice where the greatest possible
accuracy is required, for example in
research, the air plethysmograph being
the second choice. For diagnostic pur-
poses, however, both are often con-
sidered too complicated and other
methods are chosen, which are easier
to apply, but still sufficiently accurate
for the purpose.

The seal is somewhat simpler with
the liquid plethysmograph than with
the air-filled one. Procedures are given
in literature.

Methods for measuring the displace-
ment are:

(1) Mechanical recording through the
movement of a piston#, which con-
trols a pen.

(2) Pressure measurement. The hydro-
static pressure, measured at a fixed
level in the water chamber, varies
in proportion to the shift of the
free water surface, i.e. in propor-
tion to the volume variation if this
surface lies in a vertical, cylindri-
cal extension of the chamber. In
a variation of this method, essen-
tially a combination of water and
air plethysmography, the pressure
variations in an air volume,
trapped above the water, are
measured4l,42,43,

©)}

@

&)

Optical sensing of the position of
the free surface in a funnel with a
lamp and a photodetector#t (cf.39,
preface). Earlier methods of this
kind used the projection of a liquid
column on a moving film.
Conductance measurement?5:46, If,
for example, two vertical wires are
mounted in a funnel with the free
surface, connected to the chamber,
one can measure an electrical con-
ductance which varies in propor-
tion to the volume variation.
Capacitance measurement32,39,47-50,
The electrical capacitance between
two electrodes in a funnel varies
linearly with the volume displace-
ment. A useful configuration is a
pair of concentric cylindrical elec-
trodes, of which the outer one is
grounded and hence functions as
a shield as well. If the liquid is
water, the inner electrode should
have a uniform isolating layer,
since otherwise the Q-value of the
capacitor is too low. At a fre-
quency of 100 kHz or less, the
water in this capacitor then acts
as a moving (grounded) electrode
and the capacitance is measured
over the isolating layer3?, At a
frequency of thé order of 100
MHz, the water column can be
regarded as a moving dielectric. In
the frequency range between those
values, a continuous transition
from the one state to the other
occurs.

At lower frequencies, where the
water acts as a moving electrode,
a hysteresis is found and therefore
a non-linear characteristic3?, as is
shown in Figure 5a. The reason
is that the contact angle at the
isolating layer, caused by the sur-
face tension, is different for an
upward and a downward motion.
This effect, which disturbs at small
shifts, can be reduced if a non-
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Fig. 5. Influence of surface tension (con-
tact angle) with a capacitive displacement
transducers, using (@) only water, (b) water
with a “buffer-layer” of 2-octanol and (c)
only iso-butanol between the electrodes
(the inner electrode has an external dia-
meter of 15 mm, the outer one an internal
diameter of 30 mm; in (a) and (b) the
inner electrode has an isolating layer of
05 mm Plexiglass).

conductive and non-miscible liquid
is floating on the water surface as
a thin layer, so that the interfacial
tension causes a contact angle of
the water which is zero or nega-
tive. Figure 5b shows the effect on
the characteristic of a layer of 2-
octanol. As shown in Figure Sc,
the hysteresis disappears completely
when the liquid is non-conductive
throughout the capacitor. In this
case an isolating layer on an elec-
trode is no longer needed.

The author has built a plethys-
mograph of high accuracy for re-
search purposes on this basis3?, in

which the liquid in the capacitive
transducer is iso-butanol (chosen
for its relatively high dielectric
constant, while still being quite
harmless), separated from the
water by means of a slack mem-
brane. The transducer has two
cylindrical electrodes of 30 mm
inner diameter and 15 mm outer
diameter, with an active length of
about 40 mm. It was designed for
research on the newborn and pre-
mature infant, and for this reason
a very high sensitivity was needed.
For calibration, a 1 ml syringe is
mounted in the transducer. In
order to exclude the volume pulsa-
tions during calibration, it was also
fitted with a simple type of stop-
cock construction, so made that it
does not cause a displacement
when closing. Figure 6 shows
plethysmograms from the feet and
calf of a 2i-month-old child with
oedematous feet3?, recorded with
this transducer, together with the
volume pulsations at higher ampli-
fication. Figure 7 shows a series
of plethysmograms, made with the
same equipment during blood ex-
change transfusions on a newborn
baby5l. The numbers from +45 to
45 show the actual deviation in
ml from the initial value of the
circulating blood volume (CBV).
The measurement of the systolic
blood pressure is also shown, as
described in the first part of this
paper. An amplified recording of
the pulsations is also presented,
made for heart rate determination.

For more details on this system
(which is also equipped with an
automatic reset) the literature is
referred to39.

(6) Transmission line arrangement.
An interesting transducer for liquid
level, based on a transmission line
principle, has been developed®. It
should be useful for plethysmo-
graphy, although not yet used for
this purpose as far as the author
knows.

Air plethysmography

This method measures the displacement
in air instead of a liquid. This stresses
problems with the seal and increases
the sensitivity to temperature changes,
while making it much easier to apply.
With some arrangements, the ambient
pressure also has an influence. The dis-
placement is usually measured via pres-
sure 17,36,41-43.53  in which case the
volume of the chamber should be con-
stant (or have a constant compliance).
A newer and interesting development!3
for air plethysmography uses a pneumo-
tachograph for measuring the in- and
outflow of air through a connection to
the ambient atmosphere. This gives the
derivative of the plethysmogram, a
direct flow signal, which can easily be
integrated for the volume signal by
electronic means.
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Fig. 6. Plethysmograms from the foot and
calf of ,a 2i-month-old child with oede-
matous feet. Below: the volume pulsation
without venous occlusion in the same
child. The perfusion is considerably
higher than normal.

Mercury strain gauge
plethysmography (Whitney)

This method uses a thin and elastic
tubing, filled with mercury, wound
around the 1imb152%,5¢-56  [f a purely
radial expansion is assumed, without
change in the form of the cross-section
area of the limb segment, the variation
in the electrical resistance of the mer-
cury channel reflects that of the volume
of a (somewhat undefined!) segment of
the limb, extending on both sides of
the gauge winding. The method is
handy and easy to use, but of limited
accuracy?®.57.  Nevertheless, careful
application can give very good results®s.
For some applications, a temperature
compensation can be advantageous®®.

Impedance plethysmography
This method is also called rheography.
The electrical impedance of a limb seg-
ment varies with its blood content®0.61
(cf.3%), which has béen made use
of for venous occlusion plethysmo-
graphy.24.25,62

In 1967-1969 there was an interesting
discussion on the validity of this tech-
nique®-65, Hill, Jansen and Flingb3
argued on the basis of their own
experiments and theoretical considera-
tions, that the technique was spurious
and the signal measured merely caused
by electrode artifacts. Following this,
the technique was defended by Kin-
nen®%.%, Everybody working with im-
pedance plethysmography would do
well to study their publications. Cer-
tainly, Hill and his colleagues pointed
out some serious defects with many
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Fig. 7. Plethysmograms during blood ex-
change transfusion in a newborn child.

systems used, but it does not necessarily
follow that impedance plethysmography
is impossible. Their studies demonstrate
the absolute necessity to use a four-
electrode system with a real and active
current source (and not an approximate
current source made up of a voltage
source with a high output impedance).
The inner pair of electrodes is used for
voltage measurement via an amplifier
with a very -high input impedance,
while the outer electrode pair is con-
nected to the current source. Two- and
three-electrode systems do suffer from
the faults pointed out by Hill and his
colleagues—the voltage measurement
must be “floating™!

The experiments of Hill, Jansen and
<Fling with a liquid-filled silastic ball%
do not really prove that the signal is
merely a strain-gauge effect at the elec-
trode, although seemingly identical to
such a signal. Elastic theory shows that
the strain in the wall varies linearly
with the enclosed volume for variations
which are typical in plethysmography,
and this is what makes the signals look
the same. Furthermore, their experi-
ment with a piece of rubber tubing, in
which a liquid was injected without any
change of impedance®?, looks very
much like a situation where both length
and diameter change in such a way that
their counteracting effects on the im-
pedance cancel, proving nothing. Even
if the equipment is not only carefully
designed, but also properly used, serious
mistakes can be made with impedance
plethysmography.

A point less often considered is that,
if the surface of the voltage electrodes
is too large, they “attract current lines”
and distort the field®6, and that the
resistive part. of the impedance should
be extracted through phase-sensitive
detection®. In recent years some basic
mathematical studies have been pub-
lished?8-80 which may contribute to
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further developments of the technique.
Several additional applications, besides
venous occlusion plethysmography, are
given in the literature$-77.

Electrical field plethysmography
This technique is closely related to
impedance plethysmography, but the
electrodes are so located that the signal
is a measure of the electrical field dis-
tortion (caused, for example, by move-
ment or expansion of an internal organ)
rather than of impedance changes!.

Capacitance plethysmography (Figar)
This method makes use of the fact that
the electrical capacitance between the
skin of a limb and a surrounding elec-
trode varies with the volume of the
1imb82-87, Again, a purely radial expan-
sion is assumed and the method is
linear and independent of the circum-
ferential distribution of the radial
expansion only under certain circum-
stances®3. An earlier analysis of the

method88, often referred to, is partly

erroneous’s-87,

Photogrammetric plethysmography
A technique, which seems rather
tedious, is stereophotogrammetry. This
is performed by means of photograph-
ing the limb from different directions
with a number of stereocameras®s. The
photographs are then evoluated through
photogrammetry.

Gravimetric plethysmography

A recent development is a kind of
weighing of the limb under study, in
that it is suspended at a strain-gauge
force transducer®®.

Conclusions

A brief survey of different technical
methods for plethysmographic investi-
gations has been given in the latter part
of this review. Of the methods men-
tioned, the mercury strain-gauge and
the capacitance techniques appear to be
the more suitable ones for general
clinical applications, being easier to
handle and reasonably accurate when
properly designed, whereas the water-
filled plethysmograph is the most exact
technique and should be the method of

choice for research purposes. With the
latter method, the capacitance displace-
ment transducer has been proven to be
the most reliable one?®, when the prob-
lem of the surface tension is solved,
preferably by using a non-conductive
liquid throughout the capacitor??. The
transmission-line  transducer’ may,
however, be the more promising of the
alternatives. Other methods for making
a displacement transducer suffer from
uncertainties, such as the-limited band-
width of the piston technique and
the dependence upon the ion content of
the water (altered by transpiration) for
the resistive technique, to mention two
typical examples.

The impedance technique suffers
mainly from the difficulty of a direct
calibration and needs utmost care in
the design of the instrumentation and
caution in the placement of the elec-
trodes and the interpretation of the
signals. New light has been cast on
the investigations -of Hill and his co-
workers®, in favour of the technique.

With the water-filled system using a
capacitive displacement transducer, de-
signed by the author?®, it has been
shown that a sensitivity of the order of
0.1 ml can be achieved, which allows
for research-type investigations on the
newborn and the premature infant.
With this equipment, several studies
have been performed by Dr. Olov
Celander and the author. One such
study was the investigation of the re-
actions of the peripheral circulation of
the newborn during exchange transfu-
sions®!, which showed it to be con-
siderably more able to compensate for
changes in the circulating blood volume
than was previously assumed. This
equipment proved to be well accepted
by the infant, since it could generally
be kept more or less asleep during the
investigations, being undisturbed by the
boot filled with water at body tempera-
ture. The inflation generally elicited no
reaction from the child. Only occasion-
ally would it move the leg, which, of
course, resulted in a level-shift in the
recording, easily compensated for by
means of an automatic reset facility.
Such level shifts occur due to small
movements at the entrance to the
plethysmographic boot and- intro-
duce no more than a negligible error



(a very small change in the basic
volume under study) in the perfusion
measurement. It was observed that
placement of occlusion cuff just above
the knee was better than between the
knee and the boot, resulting in smaller
artifacts, due to the shift of tissue to-
wards the boot as a result of its com-
pression (this shows as an initial jump
in the recording, which does not disturb
the following plethysmogram if it does
not jump off the paper). Typical
examples of registrations are given in
the illustrations.

As a general remark, it may be
pointed out that the bone is a certain
source of error in plethysmography,
since the veins in it do not compress
and therefore allow for a certain drain
past the occluding cuff to an extent
which seems not to have been investi-
gated but should be negligible. Some
investigators prefer segmental plethys-
mography. In this situation it is im-
portant to keep the limb horizontal;
otherwise the lower, distal part fills
earlier than the segment under study,
because of gravity effects (this can be
shown with two mercury strain-gauges
at different heights). Some advocate
the exclusion of the distal circulation
by means of a second cuff, distal to
the segment, which is inflated to a
suprasystolic pressure. It is, however,
to be expected that, with such an
arrangement, the ischaemia in the distal
part will cause reactions in the segment
under study.
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