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Figure 2. Graphical representation of mathematical law describ-
ing transmural pressure (P-Pe) and cross sectional area ratio.

plied. The distal end flow is chosen in such a way to account for
the high resistance of the small vessels (capillaries/arterioles)
feeding the vein.

This paper focuses on the transient pressure distributions and
cross-sectional area changes in a vein segment, with and without
a valve, under a near-instantaneous application of gravity. For
simplicity, the effects of the muscle pump and other external load
factors are neglected. A body force, opposing flow, is applied, to
represent the action of gravity under a change of posture from
horizontal to vertical. The clinical significance of the results are
discussed in the context of avalvulia.

Results

The first analysis simulated a vein segment with no valve using
the following physiological parameters:
* vein diameter 1.19 cm [12]
vein thickness-to-diameter ratio 0.2 [13]
vein length 1 m
wall stiffness 1MPa [14]
blood viscosity 0.004 Pa.s
blood density 1000 kg/m3
distal (inlet) flow 15.1 ml/s [12]
proximal (outlet) pressure 0 mmHg
nearly instantaneous body-force application

Figure 3 presents the computed pressure against time at the dis-
tal end of the vein segment. The real system will have damping
due to the effects of the vessel wall, the surrounding tissues and
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blood viscosity. The only damping considered in our model is
that due to blood viscosity, thus, in contrast with the in vivo sys-
tem, higher amplitude oscillations dominate the numerical solu-
tion. Nevertheless, the model provides valuable information for
qualitative comparison of the valve and valveless systems. After a
period of time, the pressure at the distal end reaches the steady
state value of 74.5 mmHg. This value is consistent with the hy-
drostatic pressure due to the fluid within the vessel plus the pres-
sure drop associated with the superimposed steady flow. Exami-
nation of the detail of the first pressure peak indicates a transient
maximum pressure in the vessel of 136.5 mmHg, which is 1.83
times higher than the steady state hydrostatic pressure.

Figure 4 presents the instant cross sectional area ratio (instant
over initial cross sectional area), against time at the distal end of
the valveless vessel. The cross sectional area ratio exhibits simi-
lar characteristics to the pressure with oscillations about the
steady state. After the oscillations die down, the cross sectional
area ratio at the distal end of the vessel in the steady state
reaches a value of 1.08, indicating an 8% increase in the cross
sectional area of the vessel from the starting value. The transient
maximum cross sectional area ratio at the distal end of the vessel
is 15% greater than the starting value. Although not shown in fig-
ures 3 and 4, we observed that the maximum pressure and cross-
sectional changes take place at the distal end of the vessel, in
line with expectations [11]. This is an indication that the numerical
model behaves in an appropriate way.

The second analysis involved the inclusion of a valve at the mid-

point of the vessel. This was accomplished by using a mathemati-
cal operation which allowed a small amount of reverse flow to pass

Figure 3. Pressure against time at the distal end of the vessel.
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through the valve. As explained previously, this is associated with
the swept volume of the valve leaflets during the closing phase.
Once this is reached, the flow through the valve is changed to zero
simulating valve closure. Zero flow is then enforced until the pres-
sure at the valve inflow is greater than the pressure at the valve
outflow, which initiates valve opening.

Using the same parameters as in the first analysis, a simulation
was performed to illustrate the effect of a valve on the pressures
and cross-sectional area ratios in the system. Figure 5 presents
the computed pressure against time at the distal end of this vessel.
The change in the characteristics of the dynamic system response,
the decrease in the transient maximum pressures and the system
oscillations are evident from this plot. Furthermore, steady state is
reached more rapidly when compared with the valveless vessel.

Due to the oscillatory nature of the system, the valve opens and
closes several times before settling in the open state in the hydro-
static condition. In practice, the first part of the phase is character-
ized by the flapping of the valve leaflets. This is in agreement with
clinical observations reported by Lurie et al. [15]. For this reason,
attention is focused on the early phase when the first valve closure
and re-opening occurs. Figure 6a illustrates the pressure at the
distal end of the vessel during the first half-second after the appli-
cation of gravity for simulations both with and without a valve.

As already stated, the valve significantly changes the dynamic re-
sponse of the system. In the first analysis with no valve, high-
amplitude oscillations about the hydrostatic pressure value are
seen. These oscillations dampen towards the hydrostatic steady
state value as time progresses (see Figure 3). When a valve is
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Figure 4. Cross sectional area ratio against time at the distal end
of the vessel.
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present, an asymptotic approach towards the steady state, super-
imposed with small amplitude oscillations, is seen (Figure 6a). The
pressure for the valve system remains below 93.0 mmHg indicating
that the presence of the valve has reduced the maximum pressure
in the vessel by about 30%. Finally, after a period of time, the pres-
sure at the distal end reaches the steady value of 74.5 mmHg,
which is identical to the value obtained for the valveless vessel.

Figure 6b, presents the computed cross- sectional area ratio
against time at the distal end of the valve vessel for the same time-
frame as that shown in Figure 6a. Superimposed are the results
obtained for the valveless vessel. The cross-sectional area ratios
exhibit similar behaviour to the pressure results shown in Figure
6a. Focusing on the maximum cross sectional area ratio for the
valve vessel, a value of 1.1 is obtained. This indicates an increment
in the cross sectional area of 10% when compared to the starting
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Figure 5. Pressure against time at the distal end of the valve
vessel.

condition. This is 5% less than the valveless case and just 2%
more than the unavoidable cross-sectional area due to the hydro-
static steady condition. Note, that pressure and area are related to
each other through the mathematical law described in the methods
section and seen in Figure 2.

Discussion

Having developed a suitable, accurate numerical scheme to solve
the equations governing one-dimensional unsteady flow through a
collapsible tube [11], the current paper examines the effect of ve-
nous avalvulia on a representation of a human vein.
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Figure 6. (a) Pressure against time at the distal end of the vessel with and without valve as indicated by the vein section diagrams. (b)
Cross-sectional area ratio against time at the distal end of the vessel with and without a valve

The results obtained in the absence of a
valve were very oscillatory and the over-
shoot associated with the dynamic system,
was approximately twice the hydrostatic
steady value. Furthermore, the cross-
sectional area of the vessel associated with
the dynamic system was approximately
15% higher than at the starting condition.

A valve was subsequently introduced at the
midpoint of the vein. Because the system
was oscillatory, the focus was on the early
phase of the simulation. The results obtained
from this simulation showed that a single
valve in the middle of the vein can have a
significant effect on the resultant pressures
and cross-sectional area, causing an abso-
lute pressure reduction of over 40 mmHg
(Figure 6a). Furthermore, a reduction in vein
cross-sectional area of 5% was observed
when compared with the results obtained for
a vein with no valve. These results also vali-
date the hypothesis that “venous valves pro-
tect the wall of the vein below each valve
from the pressure in the vein above it when
gravity is applied” [16].

The above findings shed light on clinical
observations in patients with venous avalvu-

lia and the associated development of vari-
cose veins. In the absence of a valve, the
vessel is subjected to higher transmural
pressures which cause the vessel to ex-
pand.

Conclusions

Analyses of a vessel both with and without
a valve have provided qualitative and
quantitative information on the system
behaviour under the instantaneous appli-
cation of gravity. Furthermore, this allows
direct comparison of the two cases and
conclusions regarding the effects of aval-
vulia to be made,

In summary, this paper presents what is
believed to be the first attempt at quantita-
tive analysis and critical examination of
the effects of venous avalvulia under
gravitational loads associated with change
of posture.
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