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The purpose of this study was to examine the properties of the venous vascular 
system in the lower extremities of individuals with long-standing paraplegia 
(PP). The venous volume variations (VVV) , the venous capacity (VC), the 
venous emptying rate (VER) and the venous flow resistance (VFR) were 
measured in the left calf of 14 male PP and 12 male able-bodied subjects (ABS) 
by means of strain-gauge occlusion plethysmography. VVV and VC were 
significantly lower in PP compared to ABS, -45% and -50% respectively. Both 
groups showed a similar resting venous pressure in the calf (PP = 24.4 mmHg; 
ABS = 19.6 mmHg). VER was significantly lower (-60%) and hence VFR was 
significantly higher (+75%) in PP compared to ABS. This study demonstrates 
that the venous vascular properties in the legs of individuals with paraplegia 
have changed, i.e. a decrease in venous distensibility and capacity and an 
increase in venous flow resistance. This is most probably the result of vascular 
adaptations to inactivity and muscle atrophy rather than the effect of a 
non-working leg-muscle pump and sympathetic denervation. 
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plethysmography; venous flow resistance; venous blood pooling. 

Introduction 

Confinement to a wheelchair following 
spinal cord injury (SCI) is not only associ­
ated with inactivity and degenerative symp­
toms such as muscle atrophy and loss of 
bone integrity but also with changes in the 
cardiovascular system. Previous studies 
have been focused on central cardiovascular 
responses at rest and during exercise in 
individuals with a SCI. I.2 From these studies 
it is known that cardiac performance has 
been changed in these individuals. Cardiac 
performance, which may be determined by 
the interaction between central venous 
pressure and cardiac output, is to a large 
extent influenced by the peripheral circula­
tion through active and passive redistribu­
tion of blood.3,4 To date, only a few studies 
have been directed towards the peripheral 
circulation in individuals with SCI. Previous 
investigators have examined the vascular 

responses in the legs of SCI individuals 
during arm exercise.5-7 They reported dif­
ferent responses between SCI and able­
bodied subjects (ABS): a clear leg-volume 
decrease in ABS during arm exercise and no 
changes5,7 or a leg-volume increase6 in SCI 
individuals during arm exercise. These dif­
ferences between SCI and ABS were at­
tributed to a lack of sympathetic veno­
constriction and the inability to activate the 
muscle pump in the legs in the SCI group. It 
has been hypothesised that these impair­
ments in SCI may lead to a so called 'venous 
blood pooling' below the lesion, which 
would mean a dilated venous vascular sys­
tem. On the other hand a remarkable 
muscle atrophy can be observed below the 
lesion. This may cause the vascular system 
to adapt to the inactivity and muscle atrophy 
resulting in a smaller venous vascular 
volume. This contradiction has never been 
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explored and is, therefore, the subject of the 
underlying study. 

The purpose of this study was to examine 
the properties of the venous vascular sys­
tem, as characterised by venous volume 
variation, venous capacity, venous emptying 
rate and venous flow resistance, in the lower 
extremities of individuals with paraplegia in 
comparison to able-bodied control subjects. 
The results of this study may elucidate the 
contradiction of 'venous blood pooling' ver­
sus 'venous vascular atrophy' . 

Methods 

Subjects 
Fourteen male individuals with paraplegia 
(PP) and 12 male able-bodied control sub­
jects (ABS), aged between 20 and 40 years, 
participated in this study. The study was 
approved by the Faculty Ethics Committee 
and all subjects gave their written informed 
consent. Seven subjects had complete spinal 
cord lesions at levels between T4 and Tll, 
whereas the other seven subjects had incom­
plete lesions at levels between C8 and T12. 
The level as well as the completeness of the 
lesions were verified by sensor-motor 
neurological examination.8 The lesions had 
existed between 3 and 11 years and were all 
of traumatic origin. All subjects underwent 
a comprehensive medical examination from 
which no impediment for participation in 
this study was found. None of the subjects 
used medicines likely to affect the results. 
PP and ABS were matched on age, body 
mass, height and physical fitness (Table I). 
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Protocol and measurements 
For at least two hours prior to the test 
subjects refrained from caffeine, nicotine 
and alcohol. All subjects were weighed on a 
hospital scale, while body height was taken 
from the medical file. Calf and thigh circum­
ference were measured, using a measuring 
tape, at the thickest part while the muscles 
were relaxed. During the tests the tempera­
ture in the experimental room was kept 
between 21  and 23°C. PP subjects sat in 
their own wheelchair and ABS subjects in a 
chair in the same upright position. The legs 
were slightly bent, the feet rested on a 
foot-board, and the heels padded to achieve 
maximum leg-muscle relaxation. The foot­
board was adjusted to a height that resulted 
in a blood column of 35 cm between the 
level of the apex of the heart and the 
measuring point of the strain gauges at the 
calf, in order to keep the hydrostatic pres­
sure the same for all subjects. 

Venous occlusion plethysmography by 
means of strain gauges, a well-established 
non-invasive method, was used to examine 
the properties of the vascular system in the 
legs.�-ll The strain-gauge plethysmograph 
consisted of two mercury-filled tubes of 
silicon rubber, which were stretched around 
the largest girth of the left calf. The relative 
changes in the calf volume were equal to the 
relative changes in resistance of the mercury 
conductor measured as changes in voltage. 
For calibration of the plethysmograph the 
electrical method described by Brakkee and 
Vendrik was used.12 

A pneumatic cuff of 12 cm width and 
59 cm in length was put around the left thigh 

Table I Physical characteristics of individuals with paraplegia (PP) and able-bodied control subjects 
(ABS) as mean ± SD 

Age (yr) 
Body mass (kg) 
Height (cm) 
Calf circumference (cm) 
Thigh circumference (cm) 
Systolic blood pressure (mmHg) 
Diastolic blood pressure (mmHg) 

*p < 0.05 

PP 

32 ± 5 
81 ± 17 

187 ± 7 
31 ± 5 
45 ± 8 

128 ± 10 
86 ± 12 

ABS 

31 ± 6 
78 ± II 

179 ± 8 
38 ± 2* 
56 ± 5 *  

123 ± 10 
80 ± 12 
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to apply external pressure on the upper leg 
from an air-pressure source (compressor 
of 4.4 bar). The filling pressure was 
7.5 kgf/cm2, the cuff was filled within 3 s and 
deflated within 0.3 s, irrespectively of the 
occlusion pressure used. A mercury mano­
meter was placed between the pressure tank 
and the cuff, in order to measure the 
pressure accurately. 

The test started with a cuff-pressure (Pc) 
of 70 mmHg, which will compress the ven­
ous system but leave the arterial system 
open. The effective pressure on the venous 
system (Pv) can be estimated by 0.8 times 
PC.9,13 After stabilisation of the congested 
limb, as verified by stabilisation of the 
plethysmographic record, the cuff was in­
stantly deflated. If stabilisation was not 
achieved within 10 min, the cuff was de­
flated and the measurement considered as 
not valid. The whole procedure was 
repeated with Pc of 60, 50, 40, 30 and 
20 mmHg. When the pressure in the thigh 
veins is higher than Pv no volume changes in 
the calf will occur, which marks the end of 
the test. Each procedure of inflation and 
deflation (Fig 1) was followed by a 5 min 
rest period, used to calibrate the plethysmo­
graph. 

The brachial blood pressure was meas­
ured manually before the test was started 

Calibration 1 % 
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(Erkameter, Germany). During the test 
blood pressure and heart rate were 
measured continuously by means of the 
Finapres (2300 Finapres Blood Pressure 
Monitor, Ohmeda, USA) connected at the 
right middle finger which was kept at heart 
level. 

Curve analysis 
The curves show a gradual increase of the 
calf volume and the first part of the curve 
represents arterial inflow. The venous pres­
sure distal to the cuff increases due to 
volume accumulation until the venous pres­
sure reaches Pv. At that time an equilibrium 
is achieved between inflow and outflow and 
no further volume increase occurs. The cuff 
is then instantly deflated and the limb 
volume returns to its initial value. The 
following parameters were calculated from 
the recordings of the plethysmograph during 
the test (Fig 1): 

(1 ) Venous volume variation (VVV in %: 
calculated as dV /V x 100%) is defined 
as the relative volume increase in the 
limb when a certain pressure has been 
applied and an equilibrium is estab­
lished. The relationship between Pv and 
VVV is expressed in a diagram, the 
pressure volume (PV)-curve (Fig 2). 

VER 

vvv 

Occlusion pressure 

Figure 1 Principle of venous occlusion plethysmography. VVV = venous volume variation (%), 
VERo.s = venous emptying rate at 0.5 s after deflation (vol%/mmHg/min). 
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Figure 2 The pressure volume (PV)-curve for 
one representive individual with paraplegia 
(PP) and one representive able-bodied control 
subject (ABS). VVV = venous volume vari­
ation; Pv = occlusion pressure; veo = venous 
capacity; Po = resting venous pressure. 

The intersection of this curve with the 
pressure-axis represents the venous 
pressure (Po) in the resting thigh in a 
sitting position. 

(2) Venous capacity (VCo in vol%/mmHg) 
at rest in the sitting position is charac­
terised by the initial slope of the PV­
curve. 

(3) Venous emptying rate (VER in vol%/ 
min) was calculated as the slope of the 
tangent at the curve 0.5 s after pressure 
release. The tangent at 0.5 s after defla­
tion was chosen to avoid any cuff 
artefact in the volume decay curve. The 
Pv at 0.5 s after deflation (Pvo.s) was 
calculated using the PV -curve. 9 The 
relationship between PVO.5 and VER is 
expressed in a diagram. the pressure 
emptying (PE)-curve (Fig 3). 

(4) Venous flow resistance (VFR in mmHg 
min/vol%) is calculated. by analogy 
with Ohm's law. as 1 divided by the 
slope of the PE-curve (Fig 3). 

The reproducibility of the methods was 
verified by testing 5 ABS twice with 1 day in 
between. 

Statistical analysis 
Student's t-test was used to assess the 
significance of difference in VVV, VC, 
VER and VFR between PP and ABS. 
Pearson's correlation coefficient was calcu­
lated to establish correlations between VVV 
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Figure 3 The pressure emptying (PE)-curve for 
individuals with paraplegia (PP) and able­
bodied control subjects (ABS). VER = venous 
emptying rate after 0.5 s of deflation; 
PVos = occlusion pressure after 0.5 s of defla­
tion; VFR = venous flow resistance. 

and (i) the level of the lesion, (ii) the 
circumference of the calf and the thigh and 
(iii) the systolic and diastolic blood pres­
sure. Statistical significance was accepted at 
p < 0.05. 

The reproducibility was expressed as a 
duplicate measurement error, calculated as: 
error = V (Ld2 /2n) (d = difference between 
both measurements and n = number of 
paired observations) and expressed as per­
centage of the indicated parameter. 

Results 

Age, body mass, height, heart rate and 
systolic and diastolic blood pressure were 
not significantly different between both 
groups. The circumferences of the calf and 
the thigh were significantly lower in PP than 
in ABS (Table I). The duplicated measure­
ment error varied between 5 and 10% for all 
parameters calculated from the plethysmo­
graphic record during occlusion and defla­
tion. Since VVV, VCo, VER as well as 
VFR were not significantly different 
between individuals with complete and in­
complete lesions all PP were considered 
as being one group for further analyses 
(Table II). 

VVV was significantly lower in PP than in 
ABS at any given occlusion pressure. Po, 
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Table II The results of the venous occlusion plethysmography for individuals with paraplegia (PP) 
and able-bodied control subjects (ABS) as mean ± SD. VVV = venous volume variation at Pc of 
50 mmHg, VCo = venous capacity at Po, Po = resting venous pressure in the calf in sitting 
position. 

VVV (%) (at Pc: 50 mmHg) 
VCo (vol%/mmHg) 
Po (mmHg) 
VFR (mmHg.min/vol%) 

*p < 0.05 

however, did not differ significantly be­
tween both groups. veo in PP was signifi­
cantly lower compared to ABS (Figure 2, 
Table II). 

PP demonstrated a significantly lower 
VER compared to ABS at any given pres­
sure. VFR was significantly higher in PP 
than in ABS (Fig 3, Table III). 

No significant correlations between VVV 
and either the level of the lesion, the 
circumference of the calf or thigh and the 
systolic or diastolic blood pressure could be 
observed, neither in PP nor in ABS. 

Discussion 

Strain gauge plethysmography is a simple, 
non-invasive and sensitive method to iden­
tify limbs with suspected venous incompet­
ence.9.14-17 In this study the application of 
strain gauges with venous occlusion plethys-

PP 

0.69 ± 0.28* 
0.029 ± 0.010* 

24.4 ± 7.8 
0.33* 

ABS 

1.37 ± 0.38 
0.048 ± 0.010 

19.6 ± 3.9 
0.19 

mography has been used in relation to 
individuals with paraplegia in order to 
examine the properties of the peripheral 
vascular system and to distinguish between 
two hypotheses, i.e. venous blood pooling 
versus venous atrophy. The reproducibility 
of the method used can be considered valid 
as indicated by the duplicate measurement 
error. 

The vascular properties as found in this 
study for ABS were in agreement with 
previously reported values taking into con­
sideration the difference in posture: sitting 
in the present study versus supine in previ­
ous studies.9-11.l8 PP, however, demon­
strated striking deviations in the parameters 
describing the properties of the venous 
vascular system in the lower limbs. 

The low VVV in PP indicates a decrease 
in venous distensibility.9.17 This can be 
explained in two ways: the first explanation 

Table III Results of venous outflow for individuals with paraplegia (PP) and able-bodied control 
subjects (ABS) as mean ± SD 

PP ASS 

Pc (mmHg) Pv (mmHg) VER (vol%/min) Pv (mmHg) VER (vol%/min) 

20 14.1 19.8 ± 5.8a 15 .7 50.4 ± 18.0 
30 18.9 26.4 ± 8.7a 19.7 96.6 ± 34.0 
40 26.8 42.6 ± 12.1" 25.4 133.8 ± 47.4 
50 30.2 64.8 ± 17.6a 31.5 171.6 ± 62.8 
60 36.2 80.4 ± 27.0a 39.4 196.2 ± 71.7 
70 45 .3 111.0 ± 30.4a 50.8 246.4 ± 84.8 
VFR (mmHg 0.33a 0.19 

min/vol%) 

ap < 0.05 
Pc = cuff pressure; Pv = venous pressure at 0.5 s after deflation; VER = venous emptying rate at 

0.5 s after deflation; VFR = venous flow resistance. 
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is related to the sympathetic denervation 
below the lesion and the inactivity of the leg 
muscle pump. Both of these factors may 
result in a continuously dilated venous 
system, which causes the so called 'venous 
blood pooling' in the legs.6,19-2l Conse­
quently, the venous system will have less 
space left for blood to accumulate and VVV 
remains low. The second explanation is 
based on the muscle atrophy below the 
spinal cord lesion and the possibility of a 
concomitant vascular atrophy. This may 
result in a decrease of the venous vascular 
volume and, consequently, the space to 
accumulate blood and, thus, VVV will be 
limited. 

Since Po did not differ significantly 
between each group the resting venous 
pressure in the calf of both groups can 
be considered equal. This indicates that Po 
is not influenced by a spinal cord injury. The 
Po values in this study were in the range of 
previously reported values after correction 
for posture differences. YolO 

The lower VCo in PP may indicate an 
increased stiffness of both the venous walls 
and the tissue that surrounds the venous 
system in the lower limbs. This loss of 
distensibility may be the result of the con­
tinuous dilatation of the veins in 'venous 
blood pooling'. A decrease in the venous 
vascular volume related to the muscle atro­
phy may also lead to a loss of distensibility. 
In both situations, a given occlusion pres­
sure will lead to a smaller transmural 
pressure in PP than in ABS and conse­
quently VCo is lower. 

The lower VER and concomitant higher 
VFR in PP compared to ABS indicates an 
enhanced venous outflow resistance in PP 0 

These differences between PP and ABS are 
most probably based on differences in the 
total cross sectional area of the venous 
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vessels. The remarkable differences in calf 
circumferences between PP and ABS are 
the result of an enormous muscle atrophy in 
the PP group. This muscle atrophy and the 
concomitant atrophy of the venous vascular 
bed below the lesion may explain the 
smaller total cross sectional area and, thus, 
the higher VFR in PP. In contrast, 'venous 
blood pooling' will not lead to a higher 
VFR. The results from this study therefore 
indicate that a 'venous blood pooling' in the 
legs of a paraplegic person is very unlikely. 

Future research should be directed 
towards a further exploration of the conse­
quences of these vascular changes on other 
circulatory problems such as decubitus. In 
addition, the question whether or not these 
vascular changes are reversible using func­
tional neuromuscular stimulation of the 
paralysed lower limb muscles should be 
addressed. 

In conclusion: this study demonstrates 
that the vascular properties in the lower 
limbs of individuals with long-standing para­
plegia are different from those in able­
bodied control SUbjects. The reduction in 
leg volume in combination with an en­
hanced venous outflow resistance indicates 
a reduction in the cross sectional area of the 
veins in PP. This supports the hypothesis of 
venous atrophy as an adaptation to inactiv­
ity and muscle atrophy rather than the effect 
of venous blood pooling caused by sympa­
thetic denervation or muscle pump in­
activity. 
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