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Optimisation of indices of external pneumatic
compression for prophylaxis against deep vein
thrombosis: radionuclide gated imaging studies
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and the $Beth Israel Hospital, Boston, Massachusetts, USA.

suMmary The amount and rate of blood expelled with different modes of intermittent external
preumatic compression apphied to the lower leg were studied on a regional basis in a series of
experiments on healthy human volunteers. Radionuclide imaging of the labelled blood pool, with
acquisition of counts synchronised to the pressurisation cycle, provided data on regional blood
volumes in the leg in relation to time. To determine the changes in blood volume of the lower leg
resulting from external pneumatic compression labelled red blood cell counts were determined during
10 different types of compression cycle. Since venous stasis is considered to be a major cause of
venous thrombosis the red blood cell counts were used to calculate regional values of the fraction of
blood ejected as well as comparative indices proportional to regional flow rate, regional velocity, and
regional wall shear stress. All these indices should be maximised for optimal prophylaxis against deep
vein thrombosis. The four compartment cuff in each compression mode applied 2 mean pressure of 45
mm Hg, but different combinations of values were used for intercompartmental pressure gradation
(Ap) and for intercompartmental time sequencing to the onset of compression (At). Uniform
compression (Ap=0; At=0) was substantially inferior to cycles with gradation and sequencing. The
optimal values of Ap were in the range 5-10 mm Hg and of At in the range 0-0.5 seconds.

The risk of deep vein thrombosis in patients treated The usual mechanism cited for the effectiveness of
with bed rest, such as those undergoing surgical and external pneumatic compression in providing
orthopaedic procedures and acute myocardial protection against deep vein thrombosis is the
infarction, can be reduced by periodically elimination of venous stasis.! The rate and amount of
compressing the veins of the legs with an external blood moved by external pneumatic compression,
pneumatic compression device.” Depending on a  however, as well as other pertinent haemodynamic
variety of factors, including the particular clinical quantities, depend on a number of pressurisation cycle
setting, external pneumatic compression as currently  variables whose effects have not been well
practiced reduces the incidence of thrombus formation  characterised. These variables include whether
by roughly 80%,°% as determined by '*’I-fibrinogen pressure should be applied (a) uniformly along the leg,

scanning; it is therefore not totally effective. The
procedure also probably lessens the risk of pulmonary
embolism, although direct proof remains to be
provided.

Address for comrespondence and reprints: Professor Ascher H
Shapire, Room 3-254, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, MA 02139, USA.

Key words: pneumatic compression; deep vein thrombosis;
radionuclide imaging.

() in a graded fashion, (c) sequentially in a wave like
manner, or {d) in some combination of the latter two.

Theoretical and Iaboratory studies of hydraulic
models’ ® predicted that uniform compression.would
produce an occlusive throat (fig 1) in the proximal
portion of the vein undergoing compression and that
this narrowing would limit the flow speeds and shear
stresses produced by external pneumatic compression
in veins distal to the throat. The theoretical studies also
indicated that this preblem could be alleviated by the

588




ai

External pneumatic compression in deep vein thrombosis

@ ———Pressurising cuff

&\ DA Wan ANV
5\\\ AONVY Tissue \NAAV \\\Y

®

ANVARATRRRRNARRRNARNRNNNRY
IANNAARNRRAARANRRARRARNRNY

ALTURRUVRARARARRRRRRSW
ANNARARARRRRSRRAARANNRA NN

@ -
AREINARIRARVERRARRARR N
ARRARY ARNRAY

FG 1 Time sequence diagrams of leg vein showing that
when external compression is applied uniformly to a segment
of vessel having a high distal impedance it collapses first at
the proximal end (a). A wave of emptying (b,c.d) then
proceeds distally but more and more slowly. The ever
increasing proximal impedance Limits the rate of emptying
distal to the occlusive throat.

©

use of either graded compression, with pressure
decreasing from ankle to knee, or sequential
compression, with pressure applied in 2 wave like
fashion from ankle to knee, or by the combination of
graded and sequential compression. These theoretical
predictions were confirmed by hydraulic model
experiments® and by non-invasive studies of healthy
volunteers using circumferential strain gauges and
Doppier ulrasound measurements of the proximal
flow pulse.!® !

The present studies were performed to obtain a more
detailed understanding of the rate and site of blood
expelled from the lower leg with various external
pneurnatic compression cycles as a preliminary to
selecting an optimal cycle for subsequent clinical
trals. The procedure used for determining the
temporal variation in local blood volume is similar to
that used for multigated cardiac blood pool imaging
except that the recording was triggered by the
compression device.

Material and methods

Twenty three healthy volunteers, between 18 and 35
years of age, of either sex, and free of evidence of
cardiac or peripheral vascular disease by history and
physical examination, were studied. Informed consent

589

was obtained under a protocol approved by the
subcommittee on human studies of the commitiee on
resecarch of the Massachusetts General Hospital.
Twelve of these subjects took part in the first series of
experiments (series A) and 11 in the second (series B).

RADIONUCLIDE LABELLING
Twenty minutes after the administration of stannous
pyrophosphate (Pyrolite, New England Nuclear)
intravenously, 3-5 ml of the subject’s blood was
withdrawn into a heparinised shielded syringe
containing 15 mCi (555 mBq) of M0, (half life 6
hours). After 10 minutes’ incubation the labelled
blood sample was reinjected into the subject. This
Iabelling technique has been shown to produce 90%
efficiency for tagging the red cells'? and provides a
stable blood pool indicatton with minimal
non-vascular background. Imaging was carried out at
least 15 minutes after injection to permit the labelled
cells to equilibrate within the subject’s blood pool.

TEST PROCEDURE

~ With the subject lying supine and horizontal a

compression cuff with four separate compression
compartments was loosely fitted below the knee to one
leg by means of Velcro fasteners; we found thateven a
trace of tightness diminished significantly the baseline
volume of blood. A folded towel raised the ankle
sufficiently to eliminate calf compression by the table.
Cobalt markers were taped to; the subject’s medial
malleclus and patella for image orientation. The air
pressurisation and control  system  allowed
independent control of the start and duration of
compression and the inflation pressure of each
compartment. The pressure rise time (time required to
reach two thirds of maximum pressure) was
approximately 0.5 s in each compartment depending
on the size of the leg and the looseness with which the
cuff was applied.

Using a large field of view gammacamera
(Technicare 410 with an all purpose collimator) linked
to a dedicated computer (Technicare 560) with gated
acquisition capability, imaging was performed during
repetitive 10 s cycles of compression, each of which
was followed by 30-50 s of veinrefilling time. A signal
generated 0.5 s before the onset of each successive
compression cycle iriggered the gating mechanism, at
which time image acquisition was begun. Counts were
acquired for 16 image frames (time windows), each of
0.5 s duration, during the first 7.5 s of each
compression cycle; the first 0.5 s of imaging before
compression gave a baseline value. Periodic
compression and decompression and data acquisition
were continued, using the pating mechanism to
superimpose the counts of each additional
compression phase on the previously acquired image
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data, until an accumulated count density of about
15 000 counts per frame was attained. The applied
pressure in each cuff segment was maintained for
approximately 10 s; this was approximately twice as
long as the time required to attain an equilibrated
collapse. The refill time between compression cycles,
subsequent to depressurisation, was established in a

- preliminary trial for each subject by imaging the refill
period after a single long compression and then
choosing a time at which three consecutive 2 s images
showed no significant increase in counts. A summary
of the sequence of steps for each pressurisation cycle is
shown in table 1.

COMPRESSION CYCLES

A total of 10 different pressurisation cycles was tested.
Table 2 gives the details of pressures and timing used
in the different pressurisation cycles. The tests were
divided into two groups - series A and series B.

TABLE |

R Kamm, R Burtcher, J Froelich, M Johnson, E Salzman, A Shapiro, H W Strauss

Series A — Each of 12 subjects underwent serial
testing with four different compression cycles: (@)
uniform compression, (b) graded compression with
pressure within each compartment being 10 mm Hg
greater thap in the adjacent more proximal
compartment; (¢} sequential compression, with a time
delay of 0.75 s between compartments in the onset of
compression, and () combined graded and sequential
compression. with pressure intervals Ap=10mm Hg
and time delays At=0.75 s. These indices were
selected because our preliminary non-invasive studies
suggested that they would not be far from optimal with
respect to the resulting haemodynamic indices. All
pressurisation cycles had a mean pressure across the
four compartments of 45 mm Hg since previous
studies had shown that higher pressures did not
significantly increase the volume of venous blood
displaced from the lower leg.'®!! The uniform
compression mode tested here is an optimised one,

Sequence of steps followed for each pressurisation cycle

Time from
beginning of
compression (s) Evenr

Before test Cuff applied to one leg of supine subject
Before test Preliminary trial to determine vein refilling time necessary for each subject (usually 30-50 s)
-0.5 No pressure in cuff segments; veins full; baseline counts for 0.5 s
4] Pressurisation cycle started acquired (table 2)
0.5 Counts acquired for first 0.5 s time window of pressurisation
1.0 Counts acquired for second 0.5 s time window
7.5 Counts acquired for a total of 15 successive 0.5 s time windows of pressurisation; then acqfijsition ceased
106.0 Pressure released in all cuff segments
40-60 Veins allowed to refill according to time determined in preliminary trial above; this completes one
compression-decompression cycle
—0.5to
40-60 } Second complete cycle
0.5t :
20-60 } Third complete cycle

Application of complete cycles continued, accumulating counts in each 0.5 s time window, until a totai of about
15 000 counts per time window is attained (usually about 20 cycles total)

TABLE 2 [Indices of pressure and timing

Compartment pressure (mm Hg)

Test | Cycle Cycle Ap Fa¥
series No type 1 2 3 4 (mm Hg) (s)

A Al u 45 45 45 45 0 0

A A2 G 60 50 40 30 10 0

A A3 s 45 45 45 45 4] Q.75
A Ad G-§ 60 50 40 30 10 0.75
B Bt s 45 45 45 45 0 0.50
B B2 S 45 45 45 45 [ 1.00
B B3 G-S 52.5 47.5 42.5 37.5 5 0.375
B B4 G-S 52.5 47.5 42.5 37.5 5 0.875
B B5 G 60 - 50 40 30 10 0

B B6 G-8 60 . 50 40 30 10 0.25
B B7 G-8 60 50 40 30 10 0.50

Us=uniform compression; G=graded compression; S=sequential compression; G-S=combined praded and sequential compression;
A p=pressure difference between adjacent cuff compartments; At=time delay for pressure application to successive compartments.
Mean pressure=45 mm Hg for all compression cycles; rise time for pressure application to each cuff compartment=approximately 0.5 s; total
time of pressure application=10 s; refilling time=30-50 s depending on particular subject,
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based on our previous work.'! It differs from most of
the commercially available units primarily in terms of
the pressure rise time. Our studies as well as those of
other investigators,' suggest that the rise’time should
be as short as possible. In these tests, the rise time in
each compartment was approximately 0.5 s.

Series B — The procedure was essentially the same
as in series A, but seven combinations of indices (table
2) were used with each of 11 subjects. The cycles were
applied in random order. Cycle B5 had the same
indices as cycle A2, thereby linking series B with
series A. The combinations of pressure and timing
were selected after review of the results of series A,
with the aim of finding an optimal combination.

METHODS OF DATA ANALYSIS

For each subject an experiment with a particular type
of compression cycle included about 15-30 successive
cycles. The digital data from the image sequence were
analysed to determine the changes in activity in each of
eight segments of the leg. To set the regions the

distance from the ankle to the knee was divided into

eight equal segments perpendicular to the long axis of
the leg (fig 2b). These same regions were then used for
the analysis of all data from a given subject. The initial
image of each sequence (fig 2a), immediately before
the onset of compression, was used as a baseline. We
corrected for radioactive decay by normalising the
baseline counts for each test.

Typical accumulated counts per frame varied from
400 in region 1 (distal) to 1000 in region 8 (proximal).
Becausc the former count was so low, producing errors
of about 10% for the expected Poisson distribution,

L1213;41516,718]

FIG 2 {a)Atypical baseline radionuclide image of the
lower leg, with the ankle at left; (b) shows regions 1-8, as
defined from the same baseline image.

9

1400
1200 (::-0'&_"0\
| - _/-"r“-
1000f __—— ~\ A8
2 BOOF RVIR AN
: NiRmr=—>
& s00- ~
200+
1 1 ] L i 1 ] J
o 1 2 3 L 5 & 7 8
Time {s]

FG 3 Individual summed counts in successive time
windows for regions I .5, 4, 6, 8, with cycle B2, sequential
compression, At=1s.(Q) time in cycle when pressure is
applied to the corresponding cuff compartment in each
region.

regions 1 and 2 were treated as a single unit, identified
asregion 1.5. Time windows of 0.25 s duration, which
might bave given finer time resolution, resuited in
unacceptably high noise levels owing to the lower
count leveis.

Performance indices

The methods by which we analysed the data to obtain
the results described below are detailed in the
Appendix.

Blood volume vs time — The counts for all pixels
within a region of interest were summed for each time
window. For a particular sybject the changes in
regional sums reflected the changes in total blood
volume within each region. Figure 3, for instance,
shows that in sequential compression regions 4, 6, and
& first dilated slightly as blood flowed in from more
distal regions; then they deflated rapidly when external
pressure was applied.

Fraction of venous blood ejected — For each
subject different pressurisation cycles were compared
by treating count values as blood volumes. With this
interpretation, we found that depending on the
pressure cycle and the subject from 30% to 60% of the
initial blood volume was expelled from each region.
Most of the ejection occurred in 2-4 s from the start of
the comipression cycle. Using the estimate that 25% of :
the baseline blood resides in the arteries and N
capillaries,'? (this amount was assumed not to change :
significantly during compression because all applied
pressures were well below diastolic) we computed
from data such as those in fig 3, and for each region of
interest, the fraction of venous blood ejected as v
function of time. From these results we determined for
each compression cycle the maximum percentage of
venous blood ejected from each region for a particular
subject.

Indices of compression cycle performance —
Analysis of data on regional counts in relation to time
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(details given in the Appendix)} provided indices that
for a particular subject were proportional to regional
volumetric flow rate, regional blood velocity, and
regional wall shear stress. By means of these indices
different compression cycles were compared for a
particular subject. Since the haemodynamic indices
varied with time the maximum value attained by each
index in each region was used as a measure of the scale
of the corresponding index in each region. The several
maxima generally occurred at different times during
the compression cycle.

Statistical treatment of data — An analysis of
variance' was applied to the performance indices.
Test series A and B were treated as separate groups
since they had different subject popuiations. The value
of 2 particular maximum index in each region for a
particular subject was first normalised to the mean
value in that region for the several compression cycle
maodes applied to that subject (four modes in series A,
seven modes in series B). These normalised values
were then averaged over the 12 subjects of series A and
the 11 subjects of series B. This procedure minimised
the effects of intersubject variations.

Results

Typically, a pressurised region emptied in 2-4 s (for
example fig 3}. Since the venous refilling time was
30-40 s the blood flow rate induced by external
compression was mary times the normal resting flow
rate. This very high degree of pulsatility was
associated with the short rise time (~0.5 s) used in
these tests.

As indicated, the data may be manipulated in many
ways to determine results of haemodynamic
significance. Figures 4 and 5 show different types of

1400
1200
1000

-200

Yolumetric flow rate { courts-s™1)

8

Time (s)
FIG 4 Individual example of volumetric flow rate index in
_ relation to time at the exit of region 8 (entering the thigh)
using cycle A4, combined graded and sequential '
compression N1=0.75. (O) times at which the successive
cuff segments are pressurised.

R Kamm, R Butcher, J Froelich, M Johnson, E Salzman, A Shapiro, H W Strauss
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Maximum velocity index
1

0 1 2 3 A 5 6 7 8
Region
FIG 5 Comparison of uniform compression (UC; cycle Al }
with combined graded and sequential compression (GC-SC;
cycle A4} in terms of the maximum velocity index attained in
eachregion in one subject. The index is proportional to the
ordinate.

calculated results for one subject. Figure 4 shows how

. the volumetric flow index at the exit of region 8 — that
is, entering the thigh region — varied with time during
sequential compression. The ordinate is proportional
to the volumetric blood flow rate for the particular
subject. Several increments in flow rate are evident,
corresponding to the inflation of successive
compartments. The shape of this curve differed from
subject to subject and depended also on the
pressurisation cycle used. Figure 5 shows the
maximum regional values of the velocity index during
uniform compression and combined graded and
sequential compression. Except near the knee
combined compression produced a much higher peak
velocity than uniform compression. Comparative
regional values of the laminar shear stress show similar
behaviour but even greater differences between the
two cycles are evident. Graded compression and
sequential compression, when corpared with uniform
compression applied to the same subject, showed
improvements similar to those in fig 5. The relatively
poor performance of uniform compression — with low
levels of velocity and shear stress everywhere except at
the knee — was a consequence of the partially
occlusive proximal throat shown in fig I and agrees
with our earlier theoretical predictions.

SERIES A
The first objective was to establish whether uniform
compression, although the simplest and least

expensive mode, is indeed substantially inferior to
graded compression, sequential compression, and
combined graded compression and sequential
compression.

Figure 6a compares the four compression modes
with respect to the maximum percentage of venous
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FIG 6 (ajMean maximum percentage of venous volume
efected from each region and (b) mean normalised maximum
velocity index in each region for 12 subjects of seriesA.
Vertical double bars indicate significant difference at 95%
confidence level. GC=graded compression; SC = sequential
compression; GC-SC=combined graded and sequential
compression; UC=unjform compression.

blood ejected, averaged for the 12 subjects of series A.
Except in the more proximal regions, uniform
compression was significantly inferior to graded
compression, sequential compression, and combined
compression. Figure 6b compares the four
compression modes with respect to the maximum
velocity index, again averaged for the 12 subjects of
series A; the ordinate for each region is normalised so
that the mean value for the four compression cycles is
1.0. Again, except in the more proximal regions,
uniform compression was significantly inferior to
graded compression, sequential compression, and
combined compression. The same conclusion is drawn
when the four compression modes are compared with
respect to the index of maximum flow and the index of
maximum turbulent shear stress. When judged on the
basis of the index of maximum laminar shear stress,
the inferiority of uniform compression is even more
pronounced.
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SERIES A AND B IN COMBINATION
Although we used our previous experience to select the
indices of pressure difference (Ap) and timing delay
(At) for the four compression modes of series A, we
could not be certain that each compression mode was
individuaily optimised. Hence, except for the obvious
inferiority of the uniform compression mode, decisive
comparisons of haemodynamic efficacy among the
other three modes required further tests — namely,
those of series B. Moreover, our earlier work had
shown that mean applied pressures above 45 mm Hg,
or modest reductions, would not make any significant
difference in the volume of blood expelled'® and had
further identified the importance of a short
pressure-rise time (0.5 s). Consequently, the chief
indices relevant to the compression phase are the
pressure interval, Ap, and the timing delay, At, tothe
onset of pressurisation, both referring to adjacent cuff
compartments. To minimise the number of ¢ycle
types, both Ap and At were made uniform between
neighbouring compartments.

To compare the data for the various cycles, we
imagined for each index of performance a three
dimensional surface with Ap and At as axes in the
horizontal plane and the index of merit plotted
vertically above. Such a three dimensional plot would,
in principle, supply values, Ap and At,
corresponding to the highest point of the surface. An
immediate complication of this idealised procedure is
that there is more than one index of performance and
there are many regions of the leg. Consequently, no
unique pair of values, Ap and At, is in every respect
optimal. Fortunately, however, the performance
indices for maximum percentage ejected, maximum
flow rate, maximum velocity, and maximum shear
stress yielded comparative results that were generally
concordant with each other. Variations along the leg
were analysed by dividing the leg into two zones: the
lower (regions 1-4) and the upper (regions 5-8). We
gave greater weight to the upper zone because thrombi
are most likely to form!® in that region.

A summary of the relative haemodynamic merits of
all different compression cycles used in series A and B
is shown in fig 7, using Ap and Atas axes, according
to the schema mentioned above. Each box enclosed by
solid lines is labelled as in table 2 and represents a four
compartment compression mode having the values of
Ap and At corresponding to the coordinates of the
box. The seven numbers in each box represent the
indices of merit arranged according to the key
diagram. The numerical ratings are on a comparative
basis, ranging from 0 for distinctly poorer than average
to 4 for distinctly better than average. )

The peak of the index of merit surface was expected
to be broadly plateau like rather than sharp because
gradation and sequencing would be traded off against
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FIG T Relative rating of different compression cycles (Al-4, B1-7) characterised by the pairs of values of Ap (gradation)
and At{sequencing): O=distinctly poorer than average; 2=average; 4=distincily better than average. Key: a=maximum
Jraction ejected; b=maximum velocity; c=maximum laminar shear stress; d=maximumflow rate into thigh, S=sequential
{compression); U=uniform; GS=combined graded-sequentiai; G=graded.

each other. The results shown in fig 7 were even more
plateau like because of several other factors: (a) the
data were averaged over the subject population; (&)
there were several measures of performance; (¢)
several regions of the leg were relevant; and (d} the
numerical code ratings representing relative efficacy
were coarsely graded, partly because of recognition of
experimental error and partly because some
subjectivity enters into the assignment of these ratings.

Discassion and conclusions

The precise physiclogical reasons for the protection
that external pneumatic compression provides against
deep vein thrombosis are not definitively known at
present. We chose several factors that we could
evaluate quantitatively as plausible indicators of
merit. Firstly, the maximum proportion of venous
blood ejected is directly related to the degree of
collapse, to the emptying of the valve sinuses and other
regions in which blood might tend to pool, to the
reduction of residence time in the sinuses and muscular
veins, and to the mechanical working of the vessel
walls, which might act to release fibrinolytic agents.!”
-Secondly, the maximum velocity index represents the
level of motion produced, and its square is directly
proportional to the turbulent shear stress index

available for mechanically strippjng seeds of thrombi
off the endothelium by direct mechanical traction.
Thirdly, the maximum laminar shear stress index is
like the turbulent index but is applicable when the flow
is laminar rather than turbufent. Finally the maximum
volumetric flow index entering the thigh is a measure
of the levels of velocity and shear stress in the large
veins of the thigh and thus may be relevant te the
effectiveness of external pneumatic compression in
preventing the development of thrombi in the
superficial femoral vein and the propagation of calf
thrombi into the thigh.

Using these indices of performance the comparative
merits of different combinations of gradation (Ap)
and sequencing (/\t) are shown in fig 7 for the upper
and lower zones of the region of the lower leg covered
by the cuff. Although the comparative ratings do not
show a sharp optimum, several distinct conclusions
may be drawn.

Firstly, some degree of gradation or sequencing
produced substantial improvements over uniform
compression {Ap=0, At=0). The latter mode was
distinctly inferior and would have been even more so if
longer pressure rise times had been used, as in current
commercial versions of external pneumatic
compression devices. Secondly, although the optimal
cycle almost certainly has some combination of
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gradation and sequencing, pure gradation { At=0) was
comparatively better than pure sequencing (Ap=0).
Thirdly, the optimal combinations of Ap and At
appeared to lie within the area generally bounded by
compression cycles B3, B7, and B5 (fig 7). Thus the
optimal values of Ap were in the range 5-10 mm Hg
and of At in the range 0-0.5 s.

In analysing the data (see Appendix) several
assumptions were used in passing from the raw data on
counts to the results: {a) the counts were a measure of
total blood volume, with none coming from the tissuzes
and lymph; (b} 25% of the baseline blood volume was
in the arteries and capillaries; and (¢) the volume of
blocd in the arteries and capillaries did not change
appreciably during compression.

Although all of these assumptions introduced some
error in an absolute sense, the comparative results
were relatively insensitive to the expected levels of
deviation from the assumptions. As a result the
conclusions are unlikely to be altered by any such
deviations.

Nicolaides and collieagues studied the effects of
gradation and sequencing on blood velocity in the
femoral vein and also conducted a clinical trial in
which combined graded and sequential compression
was compared with uniform compression.!® They
apparently did not vary the sequencing time interval,
At, which in their unit was about ! s. The rise time in
each cuff compartment was on the scale of =4 5. Qur
results, on the other hand, suggest that for optimal
performance the rise time should be less by a factor of
nearly 10'° !! and that the sequencing time At should
be not more than about 0.5 s.

This research was supported by a grant from the
NHLBI to the Beth Isracl Hospital, Boston, and to
MIT, Cambridge, Massachusetts; by the National
Institutes of Health Institutional Grant to MIT; and a
training grant to Massachusetts General Hospital,
Boston. Gaymar Industries supplied the compression
cuffs and cooperated generously in many other ways.

Appendix

Volume index: the accumulated number of counts N,
measured in each region j (from 1 to 8) during 2 particular
time window is proportional to the volume of blood in that
region, V; at the mean time t:
Vj(t)=c Nj(t) (8}

where C, nermalised for radiopharmaceutical decay, is a
constant for each subject during a series of consecutive tests.
Thus N(t) is a regional volume index which is proportional to
regional blood volume for that particular subject.

Volumetric flow index: the difference between the
volumetric flow rates into and out of any region is equal to the
rate of change of blood volume within that region:
dVv(o)

13

Q;ilty — Qy(t)= _dl_ (2)
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The relativeiy smali amount of flow into each venous region
from the capillaries was approximated from the data of
Hollars.!! Since the Q’s were not measured in an absolute
fashion, we calculated from equation (2} a volumetric flow
index in terms of the rate of change of the regional count
levels. For a particular subject this is proportional to the
actual flow rate. dVj/dt was approximated as AV;/ At during
each 0.5 s time window and can be attributed to the venous
blood volume alone since the applied pressures were
insufficient to alter arterial volume significantly. For each
successive time window the application of equation (2)
serially from the ankle to the knee led to the volumetric flow
index in each region as a function of time (for example, fig
4).

Velocity ingex: the average venous velocity in region j is
U;()=Q;(t)/A;(t) where A, is the mean venous cross sectional
area. Moreover,

A= V,0/L= ”"‘I(_:;‘“Nj(t) 3)

where L; is the length of region j, which remains essentially
constant during the compression process. Thus N; is a
measure also of the total vascular cross sectional area in
region j. It represents an area index which includes arterial
and capiilary blood as well as venous biood. We assume that
25% of the baseline vascular volume of each region before
compression, corresponding to (.25 Ny(0), is occupied by
arterial and capillary blood,'? and that leg compression at the
pressures used expels mainly venous blood. The value of
{N;(t)-0.25N;(0)] is taken to be the venous area index. Since
the length of each region is unchanged the venous volume
index is the same as the venous area index. From the venous
volume index as a function of time we may determine the
maximum proportion of vencus volume ejected from each
region (for exampie fig 6). The velotity index in each region
is found as a function of time by dividing the volumetric flow
index by the venous area index. Figure 5 shows the
maximum velocity index attained in each region during two
different pressurization cycles.

Laminar and turbulent shear stress indices: as with
velocity we can form indices of shear stress level which, fora
particular subject, are proportional to the shear stress and
thus usable for purposes of comparing different
pressurisation cycles. The shear stress exerted by the flowing
blood on the venous walls depends on whether the flow is
laminar or turbulent. If the flow is turbulent the shear stress
varies nearly as the square of the velocity and, to adequate
approximation, is independent of wvessel diameter.
Accordingly, the turbulent shear stress index is defined as the
square of the velocity index. If the flow is laminar the shear
stress is proportional to velocity and inversely proportional to
vessel diameter. Since the vessel diameter is proportional to
the square root of the venous area index the laminar shear
stress index is defined as the ratio of the velocity index to the
square root of the venous area index.
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