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Leg volume changes during exercise have been measured in absolute units (milliliters) by 
means of a new method of air-plethysmography. Venous volume (VV), venous filling 
time, and venous filling index on standing from the recumbent position, ejected volume 
(EV) and ejection fraction (EF = EV x 100/VV) with one tiptoe movement, and residual 
volume (RV) and residual volume fraction (RVF = RV x 100/VV) after 10 tiptoe move- 
ments were measured in normal limbs, limbs with superficial venous incompetence, and 
limbs with deep venous disease. The same measurements were repeated with a graduated 
medium compression stocking in limbs with SVI and graduated high compression stock- 
ings in limbs with DVD. Ambulatory venous pressure was measured at the same time, 
with a needle in a vein in the foot. The results indicate that this method of air-plethys- 
mography is not only of diagnostic value but offers a new and unique technique to assess 
and study the hemodynamic effects of different forms of elastic compression. The lower 
ambulatory venous pressure, produced by the elastic compression, was the result of a 
reduction in reflux and an improvement in the calf muscle ejecting ability during rhythmic 
exercise. (J Vase SURG 1987;5:148-59.) 

Recent interest in reconstructive surgery of  the 
deep veins, ls combined with continuing controversy 
about the mechanism of  the effect of  elastic compres- 
sion on venous hemodynamics in the lower limb, 6-12 
has created a need for the noninvasive quantitative 
assessment of  reflux and calf muscle pump ejection. 
Such a method of  study would have the added value 
of  being repeatable at different stages of  the natural 
history and therapy. We have used air-plethysmog- 
raphy to study calf muscle pump function by deter- 
mining changes in volume of  the whole leg as a result 
of  postural changes and exercise. The study was con- 
ducted in two parts. In the first part, we investigated 
the calf muscle pump function in limbs of  normal 
subjects and limbs of  patients with superficial venous 
insufficiency (SVI) and deep venous disease (DVD). 
In the second part of  the study we determined the 
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effect of  elastic compression on the calf muscle, 
pump. 

M A T E R I A L  A N D  M E T H O D S  

Air-plethysmography. The air-plethysmograph 
(provided by Kendall Research Center, Barrington, 
Ill.) (Fig. 1) consists of  a 14-inch long tubular pgly- 
vinyl chloride (PVC) air-chamber (capacity, 5 lite,s) 
that surrounds the whole leg (from knee to anlde). 
This is inflated to 6 mm Hg and connected to a 
pressure transducer, amplifier, and recorder. The 
pressure of  6 mm Hg is the lowest that ensures good 
contact between the air-chamber and the leg. A PVC, 
bag (capacity, 1 liter) is placed between the air-cham- 
ber and the leg used for calibration. 

Measurements are made at room temperature 
(22 ° to 24 ° C). The air-plethysmograph is fitted with 
the patient in the supine position and the leg elevated 
(at 45 degrees) to empty the veins, with the heet, 
resting on the support. The air-chamber is inflated 
to 6 mm Hg and the leg is kept in this position for 
5 minutes to allow the development o f  a stable leg/  
air-chamber/room temperature gradient and to en- 
sure a resting arterial inflow to the leg. A baseline re- 
cording is obtained and calibration is performed by: 
the injection of  200 m_l of  water into the smaller bag 
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Fig. 1. Air-plethysmograph consists of pol~iwl  chloride 
(PVC) air chamber (5 liter capacity) connected to pres- 
sure transducer (P) and a smaller PVC bag (1 liter ca- 
pz Cry) used for calibration by injecting known volumes of 
water (V). 

in increments of  50 ml at 37 ° C and observation of  
the corresponding pressure changes in the air-cham- 
ber (Fig. 2). The water is then removed. After a stable 
baseline recording is obtained again (Fig. 3, a), the 
subject is asked to stand with the weight on the op- 
posite leg, holding onto a frame. The foot of  the leg 
being examined rests on the ground. An increase in 
the leg volume is observed in the recording as a result 
of  venous filling. The subject is asked to keep still 
until a plateau is reached, indicating that the veins 
are full (Fig. 3, b). This increase represents the func- 
tional venous volume ( W ) .  The time taken to 
achieve 90% of  filling has been defined as venous 
filling time 90 (VFT90). The venous filling index 
0rFI)  is defined as VFI = 9 0 % W / V F T 9 0  (Fig. 3). 
This is a measure of  the average filling rate and is 
expressed in milliliters per second. The subject is 
then asked to do one tiptoe movement with his 
weight on both legs and return to the initial posi- 
tion (Fig. 3, c). The recorded decrease is the ejected 
*volume (EV) as a result of  the calf muscle contrac- 
tion. After a new plateau is reached, the subject does 
10 tiptoe movements at a rate of  one per second 
(Fig. 3, d ) and returns to rest holding onto the frame 
(Fig. 3, e). A volume decrease to a new steady state 
is observed. The residual volume (RV) is calculated 
£rom thc original baseline value and the volume at 
the end of  exercise. The ejection fraction (EF) of  the 
first step is derived from: EF = ( E V / W )  × 100 
and the residual volume fraction (RVF) from: 
RVF = (RV/VV) x 100 (Fig. 3). 

The volume measurements ( W ,  EV, RV, and 
VFI) are expressed in absolute units (milliliters) and 
normalized units (i.e., as fractions of  the whole leg 
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Fig. 2. Calibration curve shows pressure changes in the air 
chamber with water injected into calibration bag in incre- 
ments of 50 ml. 

volume (milliliters/100 ml) (see Leg volume mea- 
surements described later). Because of  the variation 
in leg size, normalized units arc more appropriate 
for comparisons between different clinical groups. A 
sunmaary of  the direct and derived measurements in 
absolute and normalized units is given in Table I. 

The reproducibility of  air-plethysmography has 
been determined by studying one normal limb, three 
limbs with SVI, and one limb with DVD on five 
different days. The range of  the coefficients o f  vari- 
ation for all the measurements is shown in Table II. 

Leg vohtme measurements .  The volume of  the 
leg included in the air-plethysmograph is determined 
by water displacement. The leg is immersed into wa- 
ter initially up to the ankle and subsequently up to 
just below the lmee according to skin marks made 
when the air-chamber is on the limb. This is done 
so that the results o f  VV, EV, RV and VFI can be 
expressed not only as absolute units (milliliters or 
milliters per second) but also as blood volume per 
unit volume of  tissue (milliliters/100 ml) (Table I). 

Ambulato~" venous pressure (AVP) and pres- 
sure recovel T t ime (RT90) .  A vein on the dorsum 
of  the foot was cannulated by a 21-gauge butterfly 
needle, which was connected to a pressure trans- 
ducer, amplifier, and recorder. The patient was asked 
to stand still with the body weight on both legs, 
holding onto a frame. When the pressure recording 
achieved a plateau, the patient was asked to perform 
a standard exercise of  i0  tiptoe movements at the 
rate of  one per second. At the end of  the exercise the 
patient remained still while the recove W in pressure 
was being recorded. The pressure at the end of  ex- 
ercise has been defined as the AVP (Fig. 4). The time 
taken for the pressure to return to the standing rest- 
ing pressure levels is the pressure recover T time. For 
practical reasons we measured the 90% recove W time 
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Fig.  3. Diagrammatic  representation of  typical recording of  volume changes during standard 
sequence of  posmral  changes and exercise. Patient in supine position with leg elevated 45 
degrees (a); patient standing with weight  on nonexamined leg (b); single t iptoe movement  
(c); ten t iptoe movements (d); same as in (b)/(e). VV = functional venous volume; 
VFT = venous filling time; VFI = v e n o u s  filling index; EV = ejected volume; R V  = residual 
volume; El: = ejection fraction; RVF = residual volume fraction. 

Table I. Direct and derived measurements in absolute and normalized units 

Normalized units 
Absolute units (% of whole leg volume) 

Direct measurement 
Leg volume (LV) 
Functional venous volume (VV) (the increase in leg volume on standing) 
Venous filling time (VFT90) (time taken to reach 90% of VV) 
Ejected volume (EV) (decrease in leg volume as result of one tiptoe 

movement) 
Derived measurements 

Venous filling index (VFI) (average filling rate 90% VV/VFT90) 
Ejection fraction (EF) ([EV/VV] × 100) 
Residual volume (RV) (VV - EV) 
Residual volume fraction (RVF) ([RV/VV] × 100) 

ml 
ml ml/lO0 ml 
SCC 
ml ml/lO0 ml 

ml/sec ml/100 ml/sec 
% 
ml ml/100 ml 
% 

(RT90) instead of the full recovery time because this 
point is easier to define and it is more reproducible.~3 
In the patients included in the second part of the 
study, the same exercise and measurements were re- 
peated after an elastic stocking had been applied to 
the limb. To avoid compression and obstruction of 
the cannula by the wall of  the veins, the stocking was 
cut at the site of the cannulation. A special ring ap- 
plication had been used to pass the stocking over the 
cannulated vein of the foot. 

Elastic stockings. In the second part of the study, 
graduated medium compression thigh-length stock- 
ings were used for the patients with SVI and grad- 
uated high compression knee-length stockings for the 

patients with DVD. Both stockings used in this study 
were developed by Kendall Research Center, Bar- 
rington, Illinois, and exhibited a large compression 
gradient between distal and proximal points on the 
extremity. The ankle compressions in the medium 
compression stocking and the high compression 
stockings were targeted at i8 and 27 mm Hg, re- 
spectively, as measured by Hatra (BSI 6612). The 
gradient of compression from ankle to calf was tar- 
geted to be greater than 45% for both stockings. The 
calf-to-midthigh gradient for the medium compres- 
sion stocking was targeted to be greater than 30% )4 

Subjects: Part I. Twenty normal volunteers (20 
limbs) 24 to 61 years old (mean age 42.4 years), 49 
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Fig. 4. Typical recording of effect on venous pressure of 10 tiptoe movements. P = pressure; 
T = time; R = refilling; RTgO = time taken for 90% refilling; AVP = ambulatonT venous 
pressure at the end of exercise. 

Table II.  Reproducibility of  measurements 
in one normal limb, three limbs with SVI, 
and one limb with DVD studied on five 
different days 

Coefficient of 
Measurement variation (%) 

VV (ml) 10.8-12.5 
VFT90 (sec) 8.0-11.5 
VFI (ml/sec) 5.3-7.9 
EV (ml) 6.7-9.4 
RV (ml) 6.2-12.0 
EF (%) 2.9-9.7 
RVF (%) 4.3-8.2 

For abbreviations see Table I. 
NOTE: VFI, EF, and RVF are ratios and therefore independent of 
daily variations of VV. 

patients (57 limbs) with SV[ 30 to 85 years old 
(mean age 48.6 years), and 28 patients (32 limbs) 
with DVD 28 to 61 years old (mean age 50.4 years) 
have been investigated. In addition to clinical ex- 
amination, all patients have been studied with Dopp- 
ler ultrasound, Is AVP measurements, 13 and ascend- 
ing phlebography, 16 so that the limbs could be clas- 
sifted as having SVI or DVD with or without calf 
perforator incompetence. The normal volunteers 
were assessed clinically and with Doppler ultrasound 
to exclude asymptomatic reflux at the popliteal vein 
or superficial venous reflux at the saphenofemoral or 
saphenopopliteal junction. Saphenofemoral incom- 
petence was detected in all 57 limbs with SVI. In 
addition, i5 of  these had saphenopopliteal incom- 
petence. Thirty-seven limbs had incompetence of  the 
calf perforating veins. Popliteal reflux was detected 
in all patients with DVD, of  whom seven had reflux 
in the femoral vein also. Chronic venous obstruction 
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Fig. 5. Functional venous volume (VV) measurements in 
(A) absolute and (B) normalized units (N = normal 
limbs; SVI = limbs with superficial venous incompetence; 
DVD = limbs with deep venous disease). Data from in- 
dividual limbs, with median and 90% tolerance levels, are 
shown. 

was detected by phlebography in 10 of  the DVD 
patients, the obstruction being in the lilac segment 
in seven, in the popliteal vein in one, and in the vena 
cava in two. Air-plethysmographic and leg volume 
measurements were made in all limbs as described 
earlier. 

Subjects: Part  II .  Twenty-two patients with SVI 
24 to 60 years old (mean 45 years) and nine patients 
with DVD 45 to 61 years old (mean 55 years) have 
been studied° One limb has been studied for each 
subject. The patients have been classified as having 
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Fig. 6. Results of (A) VFT90, (B) venous filling index (VFI), and (C) normalized VFI 
(N = normal limbs; SVI = limbs with superficial venous incompetence; DVD = limbs with 
deep venous disease). Circles in (B) represent patients with leg ulceration. Data from individual 
limbs, with median and 90% tolerance levels, are shown. 
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Fig. 7. Results of (A) ejected volume (Elf), (B) normalized EV, and (C) ejection fraction 
(EF) (N = normal limbs; SVI = limbs with superficial venous incompetence; DVD = limbs 
with deep venous disease). Data from individual limbs, with median and 90% tolerance levels, 
are shown. 

SVI or DVD according to the results of  Doppler 
ultrasound, ~5 AVP measurements, ~3 and ascending 
phlebography. ~6 All patients with SVI had sapheno- 
femoral incompetence, five patients had sapheno- 
popliteal incompetence in addition, and l a patients 
had incompetent calf perforators documented by 
phlebography. All the patients with DVD had reflux 
in the popliteal vein. Phlebography documented ve- 
nous outflow obstruction in three patients. The oc- 
clusion was in the iliac segment in two patients and 
in the superficial femoral vein in one patient. Air- 

plethysmographic and leg volume measurements 
were made in all limbs as described earlier. The same 
measurements were repeated after an elastic stocking 
w a s  w o r n .  

RESULTS 

Part  I. The measurement of  W in the three 
groups studied is shown in absolute units (milliliters) 
in Fig. 5, A and in normalized units (milliliters/100 
ml) in Fig. 5, B. They indicate an increased volume 
in 80% of  limbs with venous disease. In some limbs 
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Fig. 8. Results of (A) residual volume (RV), (B) normalized RV, and (C) residual volume 
fraction (RVF) (N = normal limbs; SVI = limbs with superficial venous incompetence; 
DVD = limbs with deep venous disease). Data from individual limbs, with median and 90% 
tolerance levels, are shown. 

the increase was as much as three times the normal 
va lue .  

The values of  VFT90 arc shown in Fig. 6, A. In 
'normal limbs VFT90 is greater than 70 seconds, in 
limbs with SVI between 8 and 82 seconds, and in 
limbs with DVD between 9 and 19 seconds. The 
VFI in normal Iimbs is less than 1.7 ml/sec. In limbs 
with SVI the VFI is between 2 and 30 ml/sec and 
in limbs with DVD it is between 7 and 28 ml/sec 
(Fig. 6, B). The open circles in Fig. 5, B represent 
limbs with leg ukeration (active or healed). The re- 
suits of  VFI expressed in milliliters/100 ml/min are 
ahc-,vn in Fig. 6, C. 

The measurements of  EV are shown in absolute 
units (milliliters) in Fig. 7 , A  and in normalized units 
~millilitcrs/100 ml) in Fig. 7, B. The results of  EF 
,(Fig. 7, C) show a better discrimination than the 
measurements of  EV. 

The measurements of  RV are shown in Fig. 8, 
A and B in absolute and normalized units, respec- 
tively; the RVF results are shown in Fig. 8, C. The 
R V  in normal limbs is approximately 20 ml and is 
two to six times higher in limbs with venous disease 
(SVI or DVD). The median RVF is on average 20% 
in normal limbs, 45% in limbs with SVI, and 60% 
in limbs with DVD. There was a linear correlation 
(r = 0.83) between the RVF and AVP at the end 
o f  the tenth tiptoe movement (Fig. 9) in limbs with 
venous disease. 

Part  II.  Elastic compression produced a signifi- 
c~nt reduction in AVP in both groups (p < 0.01) 
(Fig. 10,A). In the group with SVI, AVP decreased 
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Fig. 9. Relationship bem, een residual volume fraction 
(RVF) and anbulatory venous pressure (AVP) at end of 
tenth tiptoe movement (dots represent limbs with super- 
ficial venous incompetence; circles represent limbs with 
deep venous disease). 

to the normal range (<45 mm Hg) 2,1° in most of  the 
patients. The RT90 was significantly increased in tile 
group with SVI when elastic compression was ap- 
plied. No significant change in RT90 was observed 
in th e group with DVD (Fig. 10, B). 

The mean percentage changes in the values of  the 
air-plethysmographic measurements are shown in 
Table IIL Elastic compression produced a significant 
reduction in W (p < 0.05) in the patients with SVI 
but not in the patients with DVD. VFT90 and V H  
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Fig. 10. Ambulatory venous pressure (AVP) and refilling 
time (RT90) without and with elastic compression in 22 
limbs with superficial venous incompetence (SVI) and in 
nine limbs with deep venous disease (DVD).  nc = no 
compression; c = compression. Results shown as mean 
and standard deviation. 

improved significantly in both groups. The EV did 
not change in the group with SVI but did in the 
group with DVD. The EF improved in both groups. 
The RV was decreased by the application of  elastic 
compression, which was significant for SVI (p < 
0.01) but not for DVD. However, the RVF was 
significantly reduced in both groups of  patients. 

D I S C U S S I O N  

In the past, air- and strain-gauge plethysmo- 
graphic devices used in the study of  the venous sys- 
tem of  the lower limb have been segmental. 17-24 Be- 
cause the distribution of  VV and venous distensi- 
bility varies at different levels of  the leg, 2s segmental 
volume changes measured with such devices do not 
necessarily represent changes in the whole leg. Water 
plethysmography can provide information on the 
whole leg but cannot be used with exercise such as 
tiptoeing or walking. 2 Air-plethysmography with a 
large air-chamber, which includes the whole leg (an- 
kle to knee), overcomes the limitations of  segmental 
devices and water plethysmography. It can provide 
information on volume changes of  the whole leg in 
absolute units and can be used during exercise. In 
addition, the volume changes measured in absolute 
units offer the advantage that they are not influenced 
by tissue volume alterations, such as increase or de- 
crease of  edema, and allow an objective follow-up of  

Table III .  Summary o f the  effect of  
elastic compression 

Mean percentage change 

Limbs with Lim~with 
SVI DVD 

(n = 22) (n = 9) 

AVP -48%* - 18%* 
RT90 (pressure) + 114%* + 56% NS 
VV -9~ +3 NS 
VFT90 + 24* + 57* 
VFI - 25* - 28* 
EV + 7 NS + 49t 
EF + 194, + 49* 
RV -29* - 10 NS 
RVF - 22* - 14" 

NS = not significant (p > 0.05). 
NOTE: PlUS sign indicates an increase; minus sign indic* 
decrease. 
*p < 0.01 (Wilcoxon test for paired samples). 
tp < 0.05. 

patients. In addition, gravitationally induced tissue 
shifts in response to postural changes that interfere 
with segmental sensing devices on the calf are less 
likely to have interfered with our measurements be- 
cause the air-plethysmograph includes all the tissues 
between the knee and the ankle. 

Previous measurements of  VV in normal legs 
made by invasive methods or with multiple level seg 
mental air-plcthysmography have been between 75 
and 126 IrlL 25'27,28 Segmental air-, strain-gauge and 
isotope plethysmography at the widest part of  the 
calf have shown 45% to 60% reduction of  VV after 
a single calf muscle contraction in normal limbs. 18~19,29 
Strain-gauge plethysmography has shown up ~ 
fourfold increase in venous volume in patients with 
venous disease. 3° The reduction of  leg blood volume 
with a single calf muscle contraction in these patients ~ 
has been found, with isotope plethysmography, to 
be approximately half of  the reduction in normal 
control subjects. 29 The results of  the present work; 
by means of  air-plethysmography, are in agreement 
with all the studies mentioned previously. 

The increased functional W found in patientg 
with venous disease is in the same range in legs with 
either SVI and DVD (Fig. 5). Although not of any 
diagnostic value, VV is an essential measurement for 
the Calculation of  other derived measurements (VFI, 
EF, and RVF). VV depends on the venous tone, 
which is variable; therefore, it is not surprising thae 
the coefficient of  variation is 10.8% to 12.5%. In 
contrast, VFI, EF, and RVF (which are ratios) are 
independent of  daily variations of  VV and are mole 
reproducible (Table II). 
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Venous reflux is diagnosed clinically with the 
,Trendelenburg test and Doppler ultrasonography. Is 
The measurement of VFT90 provides a quantitation 
of the VFT. We have taken VFT90 as a measurement 
drilling because it can be determined more precisely 
than total filling time from the recordings. This mea- 
surement could be of diagnostic value as the overlap 
between normal subjects and venous patients is min- 
imal (Fig. 6, A). VFT90 depends on the magnitude 
of venous reflux and also on the size of the venous 
reservoir. To have a measurement of venous reflux, 
which is independent of the size of the reservoir we 
have introduced VFI, which is an expression of the 
°average venous inflow rate (Fig. 6, B). VFI in normal 
legs is 0.6 to 1.7 ml/sec, reflecting the rate of venous 
fill[ ?g from the capillaries. A VFI greater than 2 n-d/ 

~sec indicates the presence of reflux. The amount of 
reflux is extremely variable and in some legs with 
SVI, rates comparable to those found in most cases 
with DVD can occur. When VFI is greater than 7 
ml/sec there is a high incidence of ulceration, irre- 
spective of whether such a high level of  reflux is in 
the deep or superficial veins (Fig. 6, B). 

Plethysmographic devices 17'21'22"al and isotope 
%tudies 32 have been used in the past to evaluate ve- 
nous reflux by measuring the venous filling rate of 
the calf either by thigh compression by means of 
rapidly inflated tourniquet 22 or by gravity, i7,21,al Our 
data are in agreement with the observations of Barnes 
et al. 22 in normal limbs and in limbs with DVD and 

~the findings of Sakaguchi, Ishitobi, and Kameda 2~ in 
limbs with SVI. 

Almen and Nylander a3 have demonstrated with 
s~er'~1 phlebography that in normal legs the deep veins 
empty with a single calf muscle contraction. Alr- 
plethysmography has the ability to measure the EV 
~;during this single calf muscle contraction (Fig. 7, A 
and B). EV is of  the same order in normal volunteers 
and in patients with SVI; it is lower in many legs in 
the DVD group. This is probably the result of the 
higher outflow resistance of recanalized deep veins 
as shown by phlebography and/or the ejection of 

~olood to the superficial veins via incompetent calf 
. perforators. 

The EF is the ratio EV/VV and as such is inde- 
.~5'endent of  variations in the size of the leg. EF is by 
its nature a normalized value and can be used to 
compare limbs of different groups of patients with- 
but the necessity of measuring the volume of the 

~whole leg by water displacement. The decreased EF 
in legs with SVI (Fig. 7, C) is mainly the result of  
ificreased W ,  but in legs with DVD it is the result 
of  both increased W and decreased EV. The values 

of EF found in the legs of healthy volunteers indicate 
that a normal calf muscle pump should have an EF 
greater than 60%. 

The RV, normalized RV, and RVF measure- 
ments (Fig. 8) indicate that in limbs with venous 
disease there is impaired venous emptying. After the 
first few tiptoe movements a steady state is achieved, 
that is, the amount of blood expelled from the veins 
of the leg as a result of  each calf muscle contraction 
is the same as the amount entering during each period 
of rdaxation from the capillaries and from venous 
reflux. This steady state is characterized by a marked 
increase in the RVF in the legs of venous patients. 
In contrast to EV and EF measurements, which do 
not depend on reflux (Fig. 7), the RV and RVF 
measurements do depend on reflux. The RVF is re- 
sponsible for and explains the AVP measured at the 
tenth tiptoe movement (Fig. 9). 

Several workers have attempted to evaluate the 
effect of  elastic compression on the hemodynamics 
of the calf muscle pump of venous patients, by means 
of AVP measurements, 7.x° foot volurnetry, 6'~,I2 and 
photoplethysmography, a4 All investigators agree on 
the beneficial effect of  elastic compression in patients 
with primary varicose veins as shown by objective 
measurements. 7.9,n,12~a4 However, the rcsults have 
been controversial concerning the effects of  elastic 
compression in patients with. postphlebitic limbs. In 
some studies no effect on AVP has been found with 
elastic bandages 7 or graduated compression stock- 
lugs, 8 whereas in one study, a prolongation in refill- 
ing time has been demonstrated in postphlebitic 
limbs by the application of a high-compression elastic 
stocking, x° Studies with foot volmnetry have shown 
that elastic compression exerts a beneficial effect in 
both patients with primary varicose veins and post- 
phlebitic syndrome. 6"ha2 

In our study we used a direct measurement of 
venous pressure, by foot vein ca,mulation, to measure 
AVP and RT90 because pressure measurements are 
considered to be the "gold standard. "la In addition, 
the use of the whole leg air-plethysmograph allowed 
the measurement of functional venous volume, re- 
flux, and calf muscle pump ejecting abilitT, which 
provided an explanation for the venous pressure 
changes. 

Our results have shown that elastic compression 
has a beneficial effect in both groups of patients by 
lowering the AVP (Fig. 10). The RT90 was im- 
proved only in the SVI patients but not in the DVD 
group. This agrees with the findings of O'Donndl 
et a1.1° A possible explanation of this finding is that 
the correlation of AVP with RT is not linear; in 
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patients with high AVP a significant reduction can 
occur in this measurement without any change in 
RT90. 35 

The reduction in functional W by elastic com- 
pression in the group of patients with SVI can be 
explained by the compression of the superficial veins. 
Such compression has been previously shown by as- 
cending phlebography. 8 Elastic compression also de- 
creased venous reflux in both groups as indicated by 
the changes in VFT90 and VFI. 

The volume ejected with a single calf muscle 
pump contraction showed no change in the SVI 
group, but even without the stocking this was in the 
normal range. The increase in EV shown in the DVD 
but not in the SVI group could be the result of  the 
higher compression used, but this remains to be 
proved by the use of both types of stocking on the 
same limbs in a subsequent study. The EF improved 
in both groups of  patients--in SVI because of de- 
creased VV and in DVD because of increased EV. 

The most pronounced effect of  elastic stockings 
was shown by the changes in RVF. The significantly 
lower RVF in both groups can explain the reduction 
in AVP. This is supported by the linear relationship 
found between these two measurements (r = 0.83) 
(Fig. 9) in the first part of the study. 

The results of  part II of  our study indicate that 
the elastic stockings are acting by reducing reflux and 
improving the calf muscle ejecting ability mainly dur- 
ing rhythmic exercise. This probably results in a 
lower daily mean venous pressure for the patients 
with eventually beneficial effects in symptoms and 
signs. In addition, our findings indicate that air- 
plethysmography is a practical noninvasive method 
that can assess the effect of  elastic compression. It 
may prove a useful tool in determining the optimal 
elastic compression and compression gradient for 
each type of  venous disorder and may subsequently 
prove of value in the study of the hemodynamic ef- 
fects of therapy and the natural history of venous 
disease. 
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and financial support to Dr. D. C. Christopoulos, to Zyma 
UK Ltd. for a grant to Mrs. M. Bull, to Mr. K. Myers, 
Professor A. Downs, Mr. J. T. Hobbs, and Professor 
H. A. F. Dudley for their advice, and to Miss Anne Taft 
for secretarial help. 
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DISCUSSION 

Dr. Rober t  W.  Barnes (Little Rock, Ark.). If  we are 
to critically appraise new technology, we must ask ourselves 
whether it provides new information hitherto unavailable 
or whether it provides conventional information more sim- 
ply, for example, at less cost. I believe this modified air- 
plethysmograph provides a little of  both but I do not think 
tit is by any quantum leaps; similar limb volume measure- 
ments can be obtained by many techniques now available, 
such as strain-gauge or impedance plethysmography and, 
of  course, the Pulse Volume Recorder or phleborheogra- 
phy, of  which this particular technique is just a variant. 

However, I think that applied pressure of  the air-ple- 
thysmographs (in this case 6 mm Hg) does introduce a 
,small variable on the transduced information that is not 
present with conventional techniques, such as the strain- 
gauge or photoplethysmograph. 

Despite this criticism, I do believe that the authors have 
provided us with some rational information about limb 
hemodynamic volumetric changes in normal and diseased 
extremities. 

I think it is important to realize that, if one is t h i n g  
to measure the hemodynamics of  a limb encased by a stock- 
ing, most studies in the past have been flawed by an attempt 

~to introduce a measuring device beneath the stocking. In- 
deed in this study the authors had to cut the stocking to 
achieve the "gold standard" of  venous pressure measure- 
,~ent. By cutting a stocking or putting anything under- 
neath it, the hemodynamics have been changed locally at 
that site of  measurement. 

Dr. Christopoulos, with your technique have you stud- 
ied the effect of  stockings in normal subjects? Have you 
had the occasion to document limb volume changes in 
patients treated by variceal stripping or injection, perfor- 
gtor ligation, or deep venous reconstruction? 

Dr.  Thomas F. O 'Donnel l ,  Jr. (Boston, Mass.). I am 

particularly flattered to be an invited discussant because I 
think this work represents a significant advancement in our 
understanding of  the pathophysiology of  chronic venous 
disease. 

In their characteristic precise manner, the St. Mary's 
group has introduced to us a new method for assessing 
venous function noninvasively. For clinical purposes, three 
factors are needed to describe venous maltaanction associ- 
ated with chronic venous insufficient.  Is obstruction pres- 
cnt? What is the status of  the venous valves? Finally, how 
good is the calf muscle venous pump? 

I take exception to some of  Dr. Barnes' comments. 
Although present noninvasive methods are relatively sat- 
isfactory for detecting venous obstruction and valvular re- 
flux, our assessment of  the calf muscle pump is limited. 
The "gold standard"--the absolute reduction in venous 
pressure with exercise or percentage of  venous e rup t ing  
with exercise--unfortunately can be influenced signifi- 
cantly by venous reflux and therefore can only assess the 
capacity, of  the venous pump indirectly. 

By contrast, the measurement by air-plethysmography 
of  both the ejected volume fraction and the residual volume 
fraction presented herein is a meaningful description of  the 
calf muscle venous pump. 

For those surgeons involved in direct venous surgery, 
I would suggest that air-plethysmographic measurements 
will be essential to assess objectively whether our opera- 
tions are affecting the venous pump. 

In addition, I am particularly impressed with the au- 
thors' detailed and extensive description of  the alterations 
in venous hemodynamics produced by elastic compression 
stockings. It is the most complete assessment that I have 
read in the literature. These studies certainly help us to 
understand why elastic stockings obviously work clinically. 

I have several questions for the authors. How long 
does it take to set up and perform your tests! As anybo@ 
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who supervises a vascular laboratory knows--if  it takes a 
lengthy time to perform a test, it will never be used in 
practice. That may be the reason that direct ambulatory 
venous pressures are used only in special situations and 
have been supplanted by photoplethysmography or light 
reflection rheography. 

Second, your chronic deep venous insufficiency group 
was composed of  patients with both obstruction and val- 
xa~lar insufficiency. Did the respective patient groups differ 
in ejection fraction or other measurements of  pump 
function? 

Dr. Michael H u m e  (Boston, Mass.). The appearance 
of  any new diagnostic technique providing functional data 
is very welcome. I hope the answers to the questions already 
asked will make good the expectations that have been an- 
nounced by this study. 

Was the group of  normal subjects composed of  young 
and healthy volunteers? It is such a neat, compact, and 
small group; I wonder whether the subjects all had com- 
petent valves or whether the group also included elderly 
patients whose veins may be more capacious because of  
muscle atrophy. 

With the superficial vein insufficiency group, do you 
apply compression of  the saphenous vein as part of  the 
method of  this test? 

Dr. Har ry  Schanzer (New York, N.Y.). We have done 
similar studies with strain-gauge plethysmography and 
measuring changes of  volume in the foot. The major dif- 
ference in our method is the following: The venous refilling 
time is a factor that depends on two components--the 
arterial inflow and the regurgitation flow. If  the arterial 
inflow to the leg is unknown, there will be great variability 
between measurements in the same patient, since arterial 
flow is a very variable factor. Strain-gauge plethysmogra- 
phy allows simple measurements of  arterial flow. By de- 
ducting this value from the venous refilling time, we can 
determine numerically the regurgitation flow. 

We studied 28 legs in 20 patients with elastic stockings 
and found the changes similar to the ones presented herein. 
There was a decrease in total yolume, improvement in the 
muscle pump, and also an increase in the refilling time of  
the leg, indicating less regurgitation. 

Have the authors found this method clinically useful 
to determine the optimal amount of  compression for a 
particular patient? Have you tried to determine the fimc- 
tional difference between a knee-high and a thigh-high 
stocking? Does it make any difference in terms of  venous 
dynamics? Finally, is there any difference in the effective- 
ness of  stockings worn for some time by a patient with 
venous incompetence compared with stockings worn very 
briefly? 

Dr. Herbert  I. Machleder (Los Angeles, Calif.). It is 
easy to see how a passive compressive device like a stocking 
will be effective in reducing ambulatory venous pressure 
when there is superficial venous incompetence, but with 
deep venous incompetence you are supplying an external 
counterpressure, which is a passive force compressing the 

deep venous system. How do you reduce the ambulatory 
deep venous pressure, by applying counterpressure to this 
deep venous system, or is this an error in the measurement? 

Dr. Harry  B. Abramowitz (Jerusalem, Israel). By 
means of  photoplethysmographic studies to detect deep 
venous insufficiency and superficial venous insufficiency, 
we have observed in our laboratory that the effect of  elastic 
compression stockings is present even after their removal. 
Dr. Christopoulos, have you repeated these studies on re- 
flux time using the period after the removal of  the stockings 
so as not to influence the measurements by this presence 
of  the stockings? 

Dr. Christopoulos (closing). I thank all the discus- 
sants for their comments. 

Regarding Dr. Barnes' questions, I would like to an- 
swer the question about the effect of  stockings in normal 
subjects. We have tested two normal subjects. There was 
no difference, but I do not consider that a real test beck[ :se 
the calf muscle pump fimctions normally even without 
stockings. 

We have tested the effect of  venous surgery, such as 
stripping with venous ligation and avulsions, and we have 
also studied five patients before and after valve autotrans- 
plantation. We have not published this study yet because 
we have not finished it, but in this last group of  five patients 
with valve autotransplantation, there was a reduction of  
residual volume fraction from 80% to about 50%. 

Dr. O'Donnell, the time that it takes to do the test, if 
the patient is cooperative and intelligent, is no more than 
15 minutes for one leg. If  the patient is not, it will take 
30 minutes. 

About distinguishing between deep venous insuffi- 
ciency and deep venous occlusion, we have found that there 
was no significant difference between these two groups. 
Actually all our patients with obstruction had insufficiency 
alSO. 

Dr. Hume, the age of  the normal subjects was betweer~ 
24 and 61 years with a mean of  42. This mean was 5 y~ .,'rs 
less than the mean of  the group of  patients. This was not 
significant (p > 0.1). 

About doing the test with saphenous vein compres- 
sion: If  we compress the incompetent saphenous vein when 
the patient is in the supine position and ask him to stand, 
the venous filling time tends to normalize. This compres: 
sion can be done digitally on the saphenous vein or by 
application of  a narrow tourniquet. Our preliminary results 
suggest that this test is diagnostic for distinguishing be-, 
tween deep and superficial venous incompetence. This 
study is still in progress. 

Regarding the questions of  Dr. Schanzer about the 
venous filling and the arterial inflow to the leg: we always 
wait for 5 minutes to have the minimal arterial inflow to 
the leg with the patient in the supine position and then 
we ask him to stand up. As you have seen in the mea- 
surements of  the venous filling index in normal limbs, the 
average arterial inflow was not more than 2 ml/sec. 

Regarding the effect of  compression therapy, we are 
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doing two studies. One aims to find out whether there is 
any difference between knee-length and thigh-length stock- 
ings. We also plan to try several grades of  compression and 
see which is the best for each individual patient. The long- 
term effect of  the stockings is also under study. 

Regarding the questions of  Dr. Machleder about the 
decrease we have found in ambulato U venous pressure after 
the application of  elastic stockings: The only explanation 
we can give is that there is an improved emptying of  the 
veins so that there is less volume and consequently less 
pressure during sustained exercise. 

Regarding the question of  Dr. Abramowitz about pho- 
toplethysmography: We have measured the pressure re- 
covery time directly with foot vein cannulation, so we did 
not have to measure it indirectly with photoplethysmog- 
raphy. We have found that in patients with superficial ve- 
nous incompetence, the pressure recove W time was sig- 
nificantly increased after the application of elastic compres- 
sion. This did not happen in patients with deep venous 
incompetence. 


