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Purpose: To determine the role of valve closure and column segmentation in ambulatory
venous pressure regulation.
Methods: Using a mechanical model consisting of a graduated adjustable valve and a col-
lapsible tube, we studied the differential effects of valve closure and tube collapse on venous
pressure regulation. By utilizing materials with differing wall properties for the infravalvular
tube, the influence of wall property changes on tube function and pressure regulation was
explored.
Results: Valve closure, per se, does not cause venous pressure reduction. Collapse of the
tube below the valve is the primary pressure regulatory mechanism. The nonlinear volume-
pressure relationship that exists in infravalvular tubes confers significant buffering proper-
ties to the collapsible tube, which tends to retain a near-constant pressure for a wide range
of ejection fractions, residual tube volumes, and valve leaks. Changes in tube wall property
affect this buffering action, at both the low and high ends of the physiological venous
pressure range.
Conclusions: The valve and the infravalvular venous segment should be considered to-
gether in venous pressure regulation. Tube collapse of the segment below the valve is the
primary pressure regulatory mechanism. An understanding of the hydrodynamic principles
involved in pressure regulation derived from this model will provide the basis for construc-
tion of more complex models to explore clinical physiology and dysfunction.
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The increasing popularity of direct venous
valve reconstruction to correct reflux has in-
tensified interest in developing an endoven-
ous approach to the problem. Our understand-
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ing of reflux and ambulatory venous pressure
regulation, however, remains incomplete.
Valve closure and column segmentation are
central concepts in venous physiology.! Foot
venous pressure changes that occur with calf
exercise (“‘ambulatory venous pressure’’) are
commonly ascribed to these mechanisms.
While the nonlinear volume-pressure relation-



J ENDOVASC SURG
1998;5:42-51

ship present in collapsible tubes?3 is well
known in fluid mechanics, it has received little
attention in the regulation of ambulatory ve-
nous pressure.

We developed a mechanical model utilizing
a vertically positioned collapsible tube and a
graduated valve to explore the differential ef-
fects of valve closure and tube collapse on hy-
drostatic column pressure in the infravalvular
tube.* Our preliminary work with this model
suggested that the collapsible tube with a non-
linear volume-pressure relationship played an
important role in pressure regulation. By using
tubes composed of different materials, we
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have been able to investigate the effects of
wall property changes on tube collapse and
pressure regulation as well. This article ex-
pands upon our earlier work by presenting
these new observations.

METHODS
Model Description

A mechanical model, which has been de-
scribed in detail previously,* was devised to
simulate some elements of the calf venous
pump (Fig. 1). In brief, the model was con-
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Figure 1 ¢ A schematic diagram of the mechanical model utilized in the experiment.
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structed with a 2.2-cm-diameter (double-ply),
17-cm-long vertically mounted collapsible
latex tube that functioned as the “pump.” A
ball valve mounted above the latex tube was
calibrated for percentage valve opening by
timed volumetric flow measurements through
the valve. Polyvinyl chloride (PVC) tubing of
sufficient length functioned as a conduit be-
tween the valve assembly and a venous reser-
voir. This conduit between the valve and ve-
nous reservoir was rigid and noncollapsible; it
remained full at all times, even during empty-
ing and filling of the infravalvular tube seg-
ment because of the siphon arrangement at
the top near the venous reservoir.

Pressure was measured at the bottom of the
latex pump by means of a standard pressure
transducer setup and continuously recorded
on a multichannel polygraph. The height of the
venous reservoir was adjusted to a hydrostatic
pressure reading of 95 mmHg at the bottom.
“Arterial”’ input to the pump was provided by
a reservoir located at the same height as the
venous reservoir via a fluid-filled tubing incor-
porating a unidirectional check valve. A “post-
capillary” pressure component of 20 mmHg
was added to the “arterial” input by a pres-
sure-generating pump. The coefficient of re-
producibility established for the model was
quite high despite manual compression used
for pump ejection; 97% and 96% coefficients
were recorded for pressure and recovery time
measurements, respectively, after ejection.

Experimental Designs

Several experiments were performed with
this model to explore the impact of valve clo-
sure and tube collapse on venous pressure
regulation. Further, the effects of wall property
changes on pump function were investigated
by conducting the studies with tubes made of
other materials, such as polytetrafluoroethy-
lene (PTFE) and thick rubber.

The PTFE tube, although collapsible, is less
compliant than the thin-walled latex material
that has been used for some time as a mechan-
ical analogue for collapsible veins in experi-
mental studies. Collapsible tubes, such as
latex, exhibit a two-regimen compliance of ini-
tial “bending’’ and later “stretching.””®€ In the
“bending”’ regimen, the cross-sectional area
(volume) of the tube enlarges as the shape
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changes from dumbbell to circular without in-
crease in its perimeter; in the “stretching” regi-
men, volume changes accompany an increase
in the tube perimeter. PTFE is bendable but
has an abbreviated stretching regimen. Thick
rubber, on the other hand, is noncollapsible. It
has minimal bending characteristics and may
stretch very little within the pressure envelope
used in these studies.

Column Pressure. After the resting pressure
at 95 mmHg was recorded, the valve was com-
pletely closed, and the arterial line was
clamped to monitor the pressure changes in
the closed tube over an observation period of
4 hours. To study a hydrodynamic tube, the
arterial line was unclamped, and the valve was
kept fully (100%) open. When the tube was
100% full, a resting pressure of 95 mmHg was
recorded at the bottom of the system. The tube
was then emptied 10% (measured by displace-
ment into the graduated venous reservoir) by
manual squeezing and then prompt release;
the lowest pressure was reached after the re-
lease was recorded. The experiment was re-
peated, emptying (collapsing) the tube in a
stepwise fashion at 10% increments until it
was completely empty and collapsed (0% tube
volume).

Buffer Function. Volume was ejected from
the tube in stepwise fashion from 0% (tube
full) to 100% (tube empty). Postejection pres-
sures were recorded with the valve increas-
ingly open after ejection in a stepwise fashion
(1%, 5%, 10%, 20%, 30%, etc.), representing
increasing degrees of valve leak. This experi-
ment was repeated with the three different
tube materials to develop volume-pressure
curves for each.

To mimic hyperdistention in the tubes, the
valve was closed and the arterial input cut off
after the tube was fully distended under the
influence of arterial input and the hydrostatic
column above. The tube was then hyperdis-
tended by injecting additional fluid volume
(ranging from 0.1 to 1 mL) via a three-way
stopcock at the bottom of the system.

The buffering capacity of the tubes was also
assessed by measuring recovery time, i.e., the
time required for the tube to refill through a
constant ““arterial’” input after being emptied.

All individual experiments were repeated at
least three times, and data were reported as
the mean values.
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RESULTS

Effect of Valve Closure on Hydrostatic
Column Pressure

Regardless of the tube material, there was
no immediate change in pressure when the
valve was closed (Fig. 2), and postclosure pres-
sure was identical to the resting pressure for a
variable period after valve closure. Thus, there
was no reduction in the recorded pressure de-
spite actual physical segmentation of the fluid
column caused by valve closure. At this stage,
postclosure tube pressure was obviously
much higher than the hydrostatic pressure
represented by the short fluid column retained
in the tube below the closed valve. Thus, there
was persistence of pressure “trapped” by
valve closure and originally generated in re-
sponse to the long hydrostatic column when
the valve was open.

Although identical pressures were recorded
immediately after valve closure for the various
collapsible and noncollapsible tubes, marked
differences were noted in the subsequent be-
havior of pressure during the observed time
frame. With poorly compliant tubes (thick rub-
ber, PTFE), there was gradual decay of postclo-
sure pressure over the next several minutes
and hours, slowly approaching a level approxi-
mately equal to the column pressure exerted
by the short tube fluid column segmented
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Figure 2 & This graph of the hydrostatic column
pressure for different tube materials over 25 min-
utes shows that there was no instantaneous pres-
sure reduction with valve closure. During the obser-
vation period (4 hours), a further gradual reduction
in pressure for nonlatex tube materials was seen
(see text).
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bélow the valve (15 mmHg). Pressure in excess
of tube fluid column pressure was thus gradu-
ally dissipated. With highly compliant 2-ply
latex tube, there was no such decay in tube
pressure after valve closure; the measured
pressure remained at preclosure levels during
the 4-hour observation period.

Pressure in excess of the tube fluid column
pressure is generated by compliance volume,
which may be defined as the volume in excess
of tube fluid column volume that would be
present in a totally noncompliant tube below
the valve. With the valve open, compliance
volume accumulates in the tube in response
to the hydrostatic pressure exerted by the long
column above the valve. Although the result-
ing compliance pressure generated is identical
for the tube materials, their compliance vol-
umes vary markedly, according to their indi-
vidual compliance characteristics.*

Since the excess fluid volume is relatively
minute with PTFE tubing, there is gradual
decay of pressure after valve closure toward
that represented by the tube column height.
This decay results from either stress relaxation
characteristics of the materials used in the ap-
paratus or the presence of minute leaks in the
apparatus at various points, e.g., the unidirec-
tional valve in the arterial inflow tubing,
through which very small amounts of fluid
may pass, resulting in degradation of pres-
sure. Studies by one of us at another facility
using a more sophisticated model with finer
tolerances suggested that structural relaxation
of the tube plays a major role in pressure
decay. Since water {(and blood) are almost
noncompressible, even minute volume
changes in a closed tube system can result in
substantial pressure changes. Hence, because

* The compliance volume for latex is on the order of 1 mL
or more. For other less compliant tubing, the compliance
volume is < 0.1 mL. This can be demonstrated by the fol-
lowing experiment. With the arterial line clamped
throughout, 0.03 mL is withdrawn from the tube after the
valve is closed. Little or no pressure drop is noticed in the
latex tube setup. On the other hand, a noticeable pressure
drop occurs in the PTFE and rubber setups. When the vol-
ume is reinjected, pressure is recovered. The compliance
volume for PTFE and thick rubber is small. Additional ex-
periments in which the latex was substituted with a rigid
PVC tubing resulted in even more rapid pressure decay
after valve closure than seen with PTFE and thick rubber.
Fluid withdrawal experiments indicate that the compli-
ance volume for PVC is concomitantly even smaller.
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Figure 3 ¢ As the latex tube is progressively col-
lapsed, the hydrodynamic pressure rapidly declines
to about 20 mmHg when 30% to 40% of original
volume has been emptied. The pressure reaches
a rough plateau at this point, and further volume
reduction does not result in additional significant
pressure reduction. The pressures were recorded
with the valve fully (100%) open.

of the relatively large compliance volume for
latex, no pressure decay was documented dur-
ing the observed time frame.

Effect of Tube Collapse on
Hydrodynamic Column Pressure

The degree of tube collapse (expressed as
tube volume) and the corresponding pressures
for latex are shown in Figure 3. As the tube
enters the bending regimen, the recorded
hydrostatic pressure reaches a plateau. With
progressive collapse of the tube, further reduc-
tionsinthe recorded hydrostatic pressure were
not noted. Since the valve was kept fully open
throughout the experiment,t there was physi-
cal continuity of the fluid column in the system
across the open valve, including the moment
when the lowest pressure achieved was
recorded.

T With the valve fully open, pressure recovery is very
rapid, i.e., very short recovery time. Nearly identical vol-
ume-pressure curves can be generated with the valve par-
tially closed with longer recovery times.* The resistance
of a partially closed valve begins to exceed viscous flow
resistance (see later), affecting residual tube pressure only
when the valve is open = 5%. This is a well-known effect
seen in tandem stenoses, in which the distal resistance is
greater than the resistance of the proximal stenosis.
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The explanation for the pressure reduction
with tube collapse is probably related to the
influence of viscous flow resistance when the
tube is partially or fully emptied and fluid
rushes through the open valve to fill the tube.
The hydrostatic pressure exerted by the fluid
column above the valve is variably dissipated
in overcoming viscous resistance encountered
by this fluid flow, resulting in a reduced pres-
sure at the bottom of the system. The recorded
pressure is less than the column pressure that
can be expected from the long fluid column in
a static system. Note that the pressure reduc-
tion is maximized even with partial tube col-
lapse (60% to 70%); further increments in tube
collapse add very little pressure reduction.
This is related to the pressure differential
{hence the fluid velocity and viscous resis-
tance) across the open valve that reaches a
maximum with partial tube collapse and re-
mains relatively constant with progressive col-
lapse of the tube.

Buffer Function

The volume-pressure curves for latex at sev-
eral degrees of valve closure are represented
in Figure 4. Postejection tube pressures re-
mained constant or nearly identical in the in-
fravalvular tube despite wide variations in
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Figure 4 & Buffer function of tube collapse. The
latex tube maintains a near identical pressure of ap-
proximately 20 mmHg for a wide range of ejection
fractions (from about 30% to 100%) and for different
valve leak settings.
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Figure 5 ¢ (A) The recovery time plotted for various ejection fractions with the latex tube. Sepa-
rate curves for several different venous valve reflux settings are shown. (B) A sample pressure
tracing for 50% ejection fraction (several separate ejections for each reflux setting) with varying
degrees of valve leak {10%, 5%, and 1%). Note the nearly identical postejection pressures. Recov-
ery time, however, becomes progressively shorter as the degree of valve leak increases.

valve leak. This “buffer’’ function is also in evi-
dence with regard to ejection fractions. Recov-
ery times, however, become shorter with in-
creasing valve leaks and decreasing ejection
fractions (Fig. 5).

Tube collapse as it occurs in the bending
regimen tends to keep the postejection pres-
sure low and nearly constant (+ 20 mmHg) for
a wide range of ejection fractions (ranging
from 100% to 40% for latex). The postejection
pressure tends to rise, and buffer function is
lost for ejection fractions < 40%, i.e., when the
latex is in the stretching regimen.

The buffering capacity of a vertically posi-
tioned collapsibie tube in the bending regimen
is related to the fact that the residual fluid
within the tube will maintain a near constant
column height despite wide variations in the
residual fluid volume. Because column height
rather than fluid volume dictates postejection
pressure in the bending regimen, a near con-
stant postejection pressure for a wide range of
ejection fractions is recorded. The self-feveling
mechanism in the collapsible tube is related to
the tube law,’ represented by a typically sig-
moid curve with steep volume-pressure rela-
tionships at the low and the high ends of the
volume envelope (Fig. 6). In the intermediate
regions, the curve is flat, i.e., very little pres-
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Figure 6 ¢ Diagrammatic representation of the non-
linear volume-pressure relationship in thin-walled
collapsible tubes. The volume scale is on the left
and pressure scale on the right. Volume and pres-
sure are separately depicted in individual curves.
The degree of tube collapse is shown in the upper
panel. Large volume increments with relatively little
pressure changes occur in the initial bending regi-
men. In the later stretching regimen, dramatic pres-
sure increases occur with relatively little volume in-
crements (see text).
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Figure 7 @ Because of the nonlinear volume-pres-
sure relationship, a self-leveling mechanism is pres-
ent in a partially collapsed vertical tube that keeps
the fluid column height nearly constant for a wide
range of volumes. An initial 10% increment in fluid
volume and resulting transient increase in column
height will quickly expand the partially collapsed
tube, accommodating the increased volume and
bringing the transient increase in column height
back to near original level. A mere 1.1% increase in
cross-sectional area of the tube can accommodate
the increased volume of a transient 10% increase
in column height from 10 to 11 cm, for example.

sure is required to reinflate the tube. The influ-
ence of this self-leveling mechanism on the
partially collapsed tube is illustrated in Figure
7.

For other tube materials, the volume-pres-
sure curves were compared to latex. With rela-
tively little emptying, a steep drop in pressure
is recorded for PTFE tubing (Fig. 8). Because
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Figure 8 @ The volume-pressure curves generated
for latex and PTFE tube materials with a 5% valve
leak are shown.
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TABLE 1

Recovery Time* After 100% Ejection for Various
Tube Materials With 0% Valve Opening

Tube Material Recovery Time (s)

Double Latex 150
PTFE 107
Thick Rubber Tube 59
L g L g

PTFE = polytetrafluoroethylene
* Time to refill the tube column using “arterial” input.

the thick rubber tube is nearly rigid, the buffer
action seen in the collapsible tubes could not
be demonstrated with the apparatus (the thick
rubber tube could not be emptied into the
bending regimen without rebounding and in-
terfering with the pressure recordings).

The pressure curves recorded in response
to hyperinflation (Fig. 9) demonstrated that
poorly compliant materials such as PTFE and
rubber yield a much higher pressure in re-
sponse to hyperinflation than does latex tub-
ing. In terms of recovery times (Table 1),
poorly compliant tubes refilied rapidly, despite
identical tube volumes and constant arterial
input pressure. At the zero valve setting, latex
demonstrated the longest recovery time and
thick rubber the shortest; PTFE was intermedi-
ate between the two.

The prolonged recovery time seen in the
latex tube is related to the presence of a signifi-
cant stretching mode, which is absent or short-
ened in other less compliant tube materials.
During the stretching mode, tube filling pro-
ceeds at a slower pace because the pressure
differential between arterial input pressure
and tube pressure is much less than that in the
bending regimen. The flow is rapid during the
bending regimen because tube pressure is low
and the pressure differential is greater. The re-
covery time for the nonlatex materials is con-
sequently short because most of the tube fill-
ing occurs during the bending regimen owing
to the nature of the volume-pressure curve
(Fig. 8).

DISCUSSION

The model utilized in these experiments is
rudimentary, with only a single valve and one
tube in contrast to the multitube, multiple
valve arrangement in the human calf. More-
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Figure 9 @ In the hyperdistention experiments, additional volumes of 0.1 to 1 mL were injected
into a distended tube to produce pressure responses. (A) The individual pressure curves for
the three tube materials showed a minimal pressure rise for latex, while pressure as high as
230 mmHg was recorded for PTFE and even higher for thick rubber tube. (B) The hyperdisten-
tion volume-pressure relationships are shown for the three tube materials (see text).

smoother curve in the vein, and the distinct
two-regimen compliance is subdued.® Never-
theless, both bending and stretching are im-
portant components in venous compliance.®

over, the latex substitute for the human ve-
nous tube in the mechanical model differs
from its biological counterpart in significant
ways. The volume-pressure relationship is a
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Surgical experience with valve reconstruc-
tion indicates that moderately post-throm-
botic veins (similar to PTFE) may be bendable
even while losing their compliance in the
stretching regimen. More advanced post-
thrombotic veins encased in fibrous tissue and
filled with trabeculae may be nonbendable
and poorly stretchable as well. Hence, thick
rubber was chosen to mimic these physical
characteristics in the experimental setting.
However, direct extrapolation of these experi-
mental results to the biological setting is not
appropriate, except as pertains to the basic
principles demonstrated. Conclusions drawn
from these experiments apply only to the sin-
gle tube below the valve.

The mechanical model clearly demonstrates
that valve closure alone will not effect a pres-
sure reduction, even though physical segmen-
tation of the fluid column is achieved. In order
for pressure reduction to occur, tube emptying
must be accomplished. Tube collapse rather
than valve closure thus functions as the main
mechanism for hydrostatic pressure reduc-
tion. The function of the valve appears to be
somewhat secondary, i.e., to maintain tube
collapse once it occurs. Both the valve and the
tube should, therefore, be viewed as a single
unit in venous pressure regulation.

A common misconception is that the venous
pressure reduction that occurs with calf mus-
cle exercise results from column segmenta-
tion primarily caused by valve closure. The
pressure regulatory role of tube collapse in the
calf venous pump was suggested initially by
Sumner,’” and the principles of tube collapse
have been well studied in fluid mechanics.?3 In
medical literature, there has been an exclusive
focus on valve function and valve reflux with
reference to venous dysfunction and chronic
venous insufficiency. The rigid ball valve uti-
lized in the model probably transmits little, if
any, supravalvular column pressure to the
tube below after the valve is fully closed. In
the physiological setting, the thin membra-
nous venous valve probably allows some
transmission of pressure even when closed.
Tube collapse as a hydrostatic pressure brake
may, therefore, be even more important physi-
ologically than suggested by these experi-
ments.

Tube collapse evinces other important prop-
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erties relevant to calf muscle function. It ex-
hibits a pronounced buffer function in the
bending regimen, maintaining a near constant
low tube pressure for a wide range of ejection
fractions and valve reflux settings. Inefficien-
cies in calf muscle contraction or valve compe-
tency are thus compensated for a broad range
of these abnormalities.

Wall property changes have important ad-
verse effects on tube function. Changes in wall
characteristics that alter compliance may re-
sult in a volume-pressure curve that has a lim-
ited stretching mode and a prolonged bending
mode. The hydrostatic brake function and the
buffer function with regard to postejection
pressures appear to be unaffected by wall
compliance changes and, in fact, may be para-
doxically superior to latex because of the pre-
dominance of the bending regimen. The re-
covery time becomes short with wall property
changes, however, and the buffering ability of
the tube to dampen transient pressure eleva-
tions is also adversely affected. This may be
clinically relevant. High tube pressure from hy-
perinflation is encountered during calf muscle
contraction and during Valsalva and cough
maneuvers. Latex effectively dampens tran-
sient pressure inputs while less compliant
tube materials are unable to do so.

The volume-pressure relationship in col-
lapsible tubes is nonlinear and asynchronous
(Fig. 6). In the latex setup, as much as 70%
of the tube fills with little pressure rise. The
pressure rises only during the last 30% volume
filling in the stretching regimen. This behavior
may have physiological import for adequate
limb perfusion in the erect individual in whom
high ambient venous pressures are encoun-
tered. Even with partial tube emptying in re-
sponse to calf muscle contraction, pressures
are dramatically lowered, increasing the arte-
riovenous pressure difference and facilitating
muscle perfusion concomitant with exercise.

A characteristic of tube collapse is a steep
drop in tube pressure. Calf muscle exercise,
such as tiptoe movements, produces a sub-
stantial drop in tibial venous pressure but very
little pressure change in the popliteal vein.*1°
We may surmise that tube collapse in re-
sponse to calf exercise is confined to infrapop-
liteal veins. The duration of tube collapse is
directly related to the duration of proximal
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valve closure. Although the tibial valve is seen
on duplex imaging to close with calf exercise,
the femoral valve does not.* If tube collapse
of the proximal femoral venous segment in re-
sponse to calf exercise occurs at all, it is ex-
tremely brief in duration. Since tube collapse
in the axial conduit interrupts forward blood
flow by reducing segmental venous pressure,
this arrangement allows cessation of axial
flow in the distal (tibial) veins, while maintain-
ing flow in the proximal femoral vein fed by
the tributaries from the thigh musculature.

Basic principles of pressure regulation de-
rived from these experiments will be invalua-
ble in constructing and understanding more
complex models to simulate calf venous pump
function. :
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