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SUMMARY

The idea of extremity vein pumps, and centripedal vein blood flow, was put forward by William
Harvey in 1628. Since that time, numerous studies have established the role of the venous
pumping system and the venous hemodynamics in maintaining normal microcirculation, as well
as the involvement in venous dysfunction.

The common pathway leading to venous ulceration in the lower limbs includes ambulatory
venous hypertension, caused by valvular dysfunction and thrombosis of segments of the deep
venous system (1-3). Precisely how this hypertension leads to ulceration is unclear; several
studies indicate that increased venous pressure disturbs normal function of the microcirculation
and interstitium, including a local inflammation, which in turn causes venous ulceration (4-11).
This presentation focuses on physiological aspects of the venous circulation in normal limbs and
in those with venous dysfunction.

Flow through collapsible tubes

Veins can be regarded as thin-walled, easily collapsible tubes. The volume of a vein varies
considerably due to the influence of internal and external pressure, hormones, vasoactive agens,
temperature and nerve activity (12). It is, however, a misconception that veins are more
distensible than arteries. This is illustrated by volume-pressure relationships, where initial
filling of veins is achieved with small increase in pressure. In this phase the cross-section of the
veins changes from ellipsoid to circular shape, without concomitant stretching of the vein wall
(13). During the second phase the elements of the vessel’s wall are stretched. The steepness of
the volume-pressure curve reflects the elastic properties of the venous wall. In the stretching
phase, the distensibility of veins is similar to that of arteries (13-15).

Flow through thin-walled, easily collapsible veins depends to a larger extent than in arteries on
the level of external pressure. The venous pressure at which collapse occurs, the tube pressure,
depends on external pressure and passive and active forces in the tube wall (16) (Fig. 1). This
pressure is normally approximately equal to the external pressure in veins. The pressure within a
vertical tube is higher at the bottom than at the top because of gravity. Accordingly, a higher
external pressure is required to close the lumen near the bottom of the tube. The veins in the
lower extremity may be regarded as a series of collapsible tubes, along which the effective tube
pressure rises and falls because of changes in posture, the venous valves, and changes in external
pressure due to muscular activity.

In the upright posture the venous blood pressure near the heart is close to zero. In a motionless
upright posture, the venous blood pressure at the ankle rises to about 70-90 mmHg, distending
the wveins. This increased venous pressure would cause severe venous distension and
transcapillary filtration if compensatory mechanisms were lacking. In healthy subjects this is
prevented by the venous pumps.
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Fig. 1. Schematic illustration of the effect of variation in internal and external hydrostatic

pressures on collapsible tubes (T1 and T2) coupled in series through two chambers (1 and 2).
Different fluid levels in the chambers exert different external hydrostatic pressures (P1, P2 and
P2B) upon the tubes. At low fluid velocities the force distending the tubes is PrA in example A
and B, PrC in example C. These pressures are high enough to withstand the external pressures
in chamber 1 to keep the tubes open. In chamber 2 of example A the tube remains open, although
the external pressure P2 is slightly higher than the distending pressure PrA. This is possible
because of elastic properties of the vein wall which restrict change in the shape of the cross
section. This restrictive force is higher in arteries than in thin-walled veins. Collapse of the tube
occurs if the external pressure increases above a critical level (as in example B) or if the
distending pressure decreases (as in example C). Clinical analogies to these examples are the
application of elastic stockings or pressure cuffs, and the development of compartment syndrome
(examples A to B), and the change in posture from erect to supine (examples A to C).

The vascular driving-force

The difference in hydrostatic pressure is often referred to as the driving-force propulsing blood
in the vascular bed. This is only partially true, when applied to restricted areas. The true driving-
force is not a difference in pressure, but a difference in total fluid energy (17). The total fluid
energy (E) is the sum of three terms: Pressure potential energy (P) created by the pumping heart,

gravitational potential energy (pgh) and kinetic energy (1/2pV2), where p is the density of the
fluid, g is the acceleration due to gravity, h is the height of the fluid column above the point of
interest and v is the velocity of the fluid.

In resting-condition the kinetic component in the vascular bed is usually small compared to
pressure energy, equivalent to only a few mmHg. Since the kinetic term is proportional to the
square of the velocity, it may become significant when the fluid velocity is increased, for
instance in the jet of venous blood ejected from a working calf muscle. Therefore, in a short
period of time at the end of muscle contraction, blood may even flow against a pressure gradient.
When velocity decreases during muscular relaxation, the Kkinetic energy component is
reconverted into pressure energy, which again conforms to the notion of being the force behind
venous flow.

The venous pumps in the lower limb

In the upright position a significant amount of blood is translocated to the lower extremity veins.
During quiet standing, the muscles in the lower extremity contract and relax rhythmically,
causing a swaying motion of the body. During muscular contraction blood is squeezed in
proximal direction, and the veins are refilled during the relaxation phase. This cyclic muscular
action and the venous valves form a powerful pumping system aiding the venous return to the
heart (18). The return of blood from the extremity does not totally depend upon properly
functioning pumps; cardiac activity alone is sufficient to maintain return flow (vis a tergo blood
flow). The pump system is, however, of vital importance to preserve the integrity of the
microcirculation, by reducing distal capillary pressure when standing (13).



Pumping occurs in all veins containing valves and is subject to oscillating surrounding pressure.
Even without functioning venous valves, leg motion, by virtue of venous compression, promotes
venous return (13). The venous pumping system may be divided into three portions with
different working mechanisms (Fig. 2):

1. The muscle pumps

2. The distal calf ("piston™) pump

3. The foot pump

Muscle Distal calf Foot Fig. 2. Schematic illustration of the
pump ("piston”) pump pump venous pump systems of the foot and
DV SV calf in relaxed and active state. The

Y muscle pump unit consists of

muscles (M) ensheathed by a
common fascia (F) and veins within
the same compartment. Contraction

of the calf muscles (muscle systole),
m as in plantar flexion of the ankle

joint during walking (below), expels
blood into the proximal collecting
vein. During relaxation (muscle
diastole, above) the blood is
drained from the superficial veins
(SV) into the deep veins (DV) in
addition to the arterial inflow,
making the pump ready for the
subsequent ejection. V: venous
valve. The distal calf ("piston”)
pump is indicated in the middle. On
dorsiflexion of the ankle (passive or
active), the bulk of the calf muscle
= (M) descends within the fascial

raos Sheath (F), and expels blood in the
distal veins like a piston. The foot vein pump is illustrated to the right. The plantar veins are
connected like a bow-string from the base of the fourth metatarsal in front to the medial
malleolus. On weight-bearing the tarso-metatarsal joints are extended and the tarsal arch is
flattened. Thus the veins are stretched, causing them to eject their content of blood.
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The muscle pumps

The pump unit consists of muscles ensheathed by a common fascia, which is drained by a set of
densely-valved intra- and inter-muscular veins. These in turn empty into more sparsely valved
proximal veins (19). The leg contains four muscular compartments: The anterior, lateral, deep
posterior and superficial posterior, all drained by their respective veins.

Muscle contraction is the main activator of muscle pumps (20-23), but passive stretching may
also raise intramuscular pressure and promote pumping. Baumann et al. (24) recorded pressures
of >100 mmHg in the tibial anterior muscle during contraction and 35 mmHg on passive
stretching.
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Contraction of the calf muscles initiates a rise in pressure in all veins of the lower limb
(indicated in figure 5 below). The increase is most pronounced within muscle veins, three times
higher than in superficial veins. In the proximal collecting (popliteal) vein the pressure increase
is insignificant. During muscle contraction (systole) the greatly increased pressure difference
between deep calf veins and the popliteal vein causes rapid flush of blood from the calf to the
thigh (Fig. 2). Retrograde flow is prevented by competent venous valves. On subsequent muscle
relaxation (diastole) venous pressure falls below the pressure at rest. The fall is greatest in the
deep veins, less in the superficial veins and insignificant in the popliteal vein. In this phase
perforator veins allow flow from the superficial to the deep veins, whereas competent valves
prevent backflow from the popliteal to the deep calf veins.

The calf pump is probably the most important muscle pump. However, also the thigh pumps
(quadriceps muscle pump, sartorius muscle pump, the pump of the hamstring muscles) and the
popliteal vein pump (25) play a part in the centrally directed propulsion of blood.

The distal calf (**piston™) pump

In contrast to conventional descriptions, there are two pumping systems in the calf, a proximal
and a distal (18). The distal one is activated on dorsiflexion of the ankle (Fig. 2), when the calf
muscles are stretched and their distal part descends within the fascial sheath. This movement acts
like a piston which expels venous blood in proximal direction. The pump mechanism has been
documented by ultrasound Doppler measurement of venous blood flow (18), and is supported by
compartment pressure measurements (26).

The foot pump

The significance of a pumping system within the foot has often been overlooked, although first
postulated by Le Dentu in 1867 (27). Gardner and Fox (18,28,29) used video-phlebographic
technique and ultrasound Doppler measurement to demonstrate a potent pump mechanism in the
deep plantar veins. This pumping action does not depend on muscular movements, as it
functions even in paralysed limbs (18). Furthermore, the muscles in the sole of the foot are in a
relaxed state during weight-bearing (30,31). This venous pump does not depend on direct
pressure on the plantar veins, since weight-bearing involves almost exclusively the ball of the
toes, heel and lateral aspect of the plantar surface (32). The pumping mechanism has been
explained as follows. The plantar veins are connected like a bow-string between the base of the
fourth metatarsal and the medial malleolus. On weight-bearing, the tarso-metatarsal joints are
extended and the tarsal arch is flattened. Thus the veins are stretched, causing them to eject their
content of blood (Fig. 2). The pump is also activated on weight-bearing of the forefoot alone,
when the foot is acting like a lever (18) (Fig. 2, left portion).

The pumps acting together

During normal walking the three vein-pumping systems are synchronised to form a complete
network of serial and parallel pumps aiding the return of blood towards the heart. The
mechanism may be summarised as:

1. Before weight-bearing the ankle is dorsi-flexed, emptying both anterior muscle compartment
(muscle pump) and the distal calf ("piston™ pump).

2. At weight-bearing the foot veins are emptied (foot pump).

3. The plantar flexion of the foot to ensure forward locomotion activates the proximal calf pump
of the posterior muscles (muscle pump).



Edema reduction with venous pumping

The venous pump systems normally reduces dorsal foot vein pressure from approximately 70-
90 mmHg at the passive upright position to below 30 mmHg during ambulation, with
concomitant reduction in transcapillary fluid filtration. To assess the effectiveness of the venous
pump system, factory workers in an electronic assembly plant were studied (33). Their tasks
required a fixed height worktable and a footrest. Complaints by the operators of swellings and
paresthesia of feet and ankles were followed up by examination using water displacement
volumetry. Five hours of operation at the workstation led to a mean volume increase of the foot
and leg of 3.8 % (n = 19). Corresponding measures of interstitial fluid pressure using the "wick-
in-needle” technique, indicated a mean increase in pressure of 1.6 mmHg. The results produced
a positively correlation between changes in volume and change in interstitial fluid pressure
(r=58, p<0.005).

When redesigning the workstation a dynamic foot-rest was developed, incorporating a pivot
which allowed "treadle™ action to be performed by the operator on a regular basis (Fig. 3). Such
movements activated the venous pump system, as indicated by reduction in saphenous vein
pressure and calf volume (the left portion of the curves in figure 3). Interestingly, we found that
a single forward flexion of the foot generated similar pressure and volume reduction profiles as
series of repeated manoeuvres. These findings were applied in the redesign, and very quickly the
operators learned to use the foot-rests regularly. The beneficial effect on transcapillary fluid
balance by the dynamic foot-rest is indicated in figure 4, including calf volume changes during
one hour with static (top) and dynamic foot-rest. The former produced a calf volume increase of
about 1 %, whereas the calf volume decreased 1 % when using the dynamic foot-rest. The
corresponding values for all subjects in the study were 0.8 % volume increase per hour for static,
and 0.5 % volume reduction per hour for dynamic foot-rest, respectively.

When using the dynamic foot-rest, all subjects reported relief of discomfort, swelling and pain,
demonstrating the potential of the venous pumps in restoring normal transcapillary fluid balance
in a sitting posture.
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Fig. 3. Recording of calf volume changes (AVolume), long saphenous vein pressure (vein
press.) and "treadle” activity of a dynamic foot-rest developed for the study. Dorsi-plantar
flexion of the ankle joint activated the venous pumping system, reducing both vein pressure and
calf volume. A single forward flexion of the foot (right portion of the curves) was as efficient in
pressure/volume reduction as repeated manoeuvres (left portion of the curves).
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Venodynamics of the lower limb

The venous system in the lower limb is composed of a subcutaneous superficial system, a deep
system within the muscular fasciae and connecting perforating veins. Dysfunction, mainly of the
valves, may occur in each system and in combination. The great variability in venous anatomy
and function makes pathophysiological understanding rather complex. The following description
of four clinical conditions is therefore simplified. The pressure- and flow-curves of the
examples are a synthesis of numerous published studies, e.g. studies of venous pressure by
Arnoldi (34-39), the studies of pressure and flow by Bjordal (40-45), and non-invasive
investigations (46, 47).

Normal venodynamics

In the upright position, the hydrostatic vascular pressure is greatly increased in the lower part of
the body. The increase is similar in arteries and veins, and should per se have little effect on the
overall blood-flow through the lower limb. However, the very potent veno-arteriolar reflex
initiated by distension of veins, at transmural pressures above 25 mmHg, causes arteriolar
vasoconstriction which reduces blood flow in the dependent limb by approximately 50% (48-
50).

In passive dependent legs, the pressures in all veins at the same height are equal, and are
approximately equal to (slightly higher than) the hydrostatic fluid pressure in a column of blood
from the point of measurement to the level of the heart (17). In this state, phlebography
indicates that blood returns to the heart through both deep and superficial veins (19).

Muscle contraction (systole) at weight-bearing is accompanied by a rise in pressure in all veins
of the limb (figure 5). Within the muscular compartment the increase is largest, typically 60-70
mmHg, three times higher than the rise in superficial veins. During systole the muscle
contraction may cause venous outflow obstruction, further enhancing deep systolic vein
pressure. In extreme cases the pressure is raised by more than 200 mmHg in a fraction of a
second (19). The systolic venous pressure increase in the collecting conduits is smaller (appr. 20
mmHg, popliteal vein), and the resulting pressure gradient rushes blood from calf to thigh.
Competent valves prevent distal flow or outward through the perforators. In addition, the higher
deep venous pressure does not allow inward flow through the perforating veins during systole.

During muscle relaxation (diastole) the pressure falls below that at rest, especially in the deep
veins (Fig. 5), ensuing an inward flow through the perforating veins. In healthy subjects patent
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vein valves prevent flow in distal direction in both deep and superficial veins.

In repeated muscle contractions, as in normal walking, the systolic pressures in the deep and
superficial veins will gradually fall and fluctuate at levels considerably below the pressures
during a single contraction (Fig. 5). The superficial venous pressure in the ankle region during
walking is typically 30 mmHg and is referred to as the ambulatory venous pressure (AVP).

Healthy subjects

- Fig. 5. Schematic

representation of normal
, anatomy and dynamics of
lower extremity veins. The
simplified venous system
consists of superficial veins
(SV), deep veins (DV)
within muscular compart-
ments (M) of the calf and
. thigh, and perforating
C; veins (PV). A number of
; ~  ~— .. venous valves (V) ensure

unidirectional flow of

: blood in central (cent.)
|_ (I/_ > { >| |_ direction in deep and
= — superficial ~ veins, and
inward direction in the perforating veins. The diagram to the right depicts idealized pressure
and flow characteristics of different areas of the veins during steady state at passive dependency
(the leftmost walking-phase symbol) and two subsequent walking cycles - during weight-bearing
(muscle systole) and elevation of the leg (muscle diastole). The solid line indicates the extremity
under description. In a passive relaxed state the blood is forced almost solely through the deep
system by the pumping action of the heart, often referred to as the vis a tergo (v-a-t) blood flow.
AVP-NS is the normal ambulatory venous pressure in superficial veins.
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Superficial and perforator dysfunction

Relatively few patients referred to hospital have dysfunction of superficial veins combined with
normal valvular function in the perforating veins. In this group the calf vein pumps are normal
and ambulatory venous pressure in the deep veins at the ankle is low, which explains the absence
of oedema and trophic changes in the skin (19).

Most patients with venous dysfunction have incompetent valves in both superficial and
perforator veins. This causes a significant reflux in the superficial vein trunk and a smaller
reduction in superficial venous pressure than normal (40), often referred to as “ambulatory
venous hypertension”. Although the venous pumps may be normal, the pressure in the deep
veins is rapidly restored to the blood column pressure upon standing, because of backfill from
the superficial veins (Fig. 6). The clinical picture is varicose veins and leg oedema, often in
combination with trophical changes which sometimes develop. The more extensive and the more
distal the venous reflux, the greater the probability of ulcer formation (51, 52).

In steady state at passive dependency blood flows primarily through the deep veins (40), and the
pressure in the veins corresponds, as in healthy subjects, to the hydrostatic pressure from the
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blood column to the heart. Consequently, the pressure at rest is not affected by valvular

dysfunction. Weight-bearing with muscular contraction causes a steep rise in deep venous
pressure, as in healthy subjects. The increase in superficial venous pressure is considerably
higher than normal, due to by the extensive retrograde flow from the deep venous system
through incompetent dilated perforating veins in muscle systole (42).

Superficial and perforator Flg 6. Schematic repre-
venous dysfunction I, Tt .
f\ swerical  SENtation of anatomy and
~venodynamics of lower
> extremity veins in patients
with  superficial and
perforator venous dysfun-
ction. The most striking
difference between healthy
] : subjects and patients with
" incompetent  perforating

veins only is the distal

3 . . (dist.) blood flow in the
“e Wme superficial veins (SV). This
retrograde flow is in the

|_ N > b > |_ order of 300 ml/min.
| % | < '| | during normal walking
(40), causing net inward

blood flow through the perforating veins. However, during ambulation there is oscillating flow
in incompetent perforators, outward during muscle contraction and inward at muscle relaxation.
Furthermore, the state is characterized by less reduction in venous pressure in superficial veins

during walking, often referred to as "ambulatory venous hypertension”. Annotations are as in
figure 5.
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During relaxation the pressure in the muscular deep veins falls abruptly, and to a larger extent
than in popliteal and superficial veins. This causes an inward movement of flow through the
perforating veins, whereas reflux from the popliteal vein is prevented by valves. The absence of
competent valves in the superficial system allows retrograde flow, most often through the
sapheno-femoral junction. Bjordal (40) quantified this reflux in the superficial main trunk
during normal walking as an average of 300 ml/min., and thus verified the hypothesis of "a
private circulation” as suggested by Trendelenburg (53). According to his finding a large
fraction of the blood from the deep venous trunk is "spilled" through incompetent superficial
veins and re-enters the deep veins at a lower part of the limb.

The high retrograde flow in superficial veins during walking refills the deep veins during muscle
diastole, greatly enhancing the venous pump capacity by increasing the expelled volume. The net
increase in expelled volume is, however, due to the superficial retrograde circuit and does not
represent effectively increased drainage from the extremity. The result of this rapid back-flow is
that the systolic pressures in the deep and superficial ankle veins remain high during walking.

Proximal occlusion of the superficial veins normalises ambulatory venous pressure in these veins
and the pressure recovery time after standstill. This effect is the dynamic basis for the detection
of superficial venous dysfunction by venous pressure measurements. The pressure test does not,
however, assess the patency of the perforating veins.



Combined superficial, perforator and deep dysfunction
Whereas the deep, perforating and superficial veins of the leg may all be more or less involved in
skin ulcer formation (54-56), deep venous incompetence is involved in most cases (57, 58). Deep
venous incompetence is usually secondary to previous deep venous thrombosis (DVT). The
venodynamics is characterised by ambulatory venous hypertension in both superficial and deep
veins. In this state the capillary pressure at upright position is high, the only relief being
elevation of the legs.

During walking, the pressures in superficial and deep veins oscillate around the level during
standing passively, i.e. with minimal net reduction in ambulatory venous pressure (Fig. 7). Flow
in perforating veins is bi-directional, with an outward net flow (52), as opposed to the situation
with superficial and perforator incompetence only (Fig. 6). The flow in superficial veins may be
bi-directional, without net flow, or a net flow directed centrally or distally.

it e 0w Fig. 7. Schematic illu-
swerical  Stration of venodynamics
e R in patients with super-
"""" -~ ficial, perforator and
' deep venous dysfunction.
During walking, the
e N e - pressures in superficial
and deep veins are
oscillating around the
pressure at  passive
upright position, i.e. with
minimal net reduction in
ambulatory venous pres-

! sure. Flow in perforating

N N ' veins is bidirectional,
H /|_ > I_ > I_ with outward net-flow,
e — — : : the opposite to what is
found in patients with superficial and perforator incompetence only (Fig. 6). The flow in
superficial veins may be bidirectional, with no net flow, or net flow either centrally or distally.

Annotations are as in figure 5.
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Flow

Outflow obstruction

Venous outflow obstruction may be the result of occluded or partially recanalized veins
subsequent to DVT. In proximal (outflow) venous thrombosis, increased outflow resistance and
venous pressure during muscle contraction may lead to venous claudication (Fig. 8).

The ambulatory venous hypertension often leads to distension of the perforators and valve
dysfunction (59). The pressure and flow is then directed towards the superficial veins, which
may become the principal venous conduits. A resulting overload of the superficial veins may
lead to dysfunction, including varicose veins.

Figure 8 schematically demonstrates mean pressure curves during and after ambulation in the
four states listed. The ambulatory venous pressure typically increases from healthy subjects - to
patients with superficial and perforator dysfunction - to those with additional deep venous
dysfunction - and to those with deep venous obstruction. These venous pressure profiles, along
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with the recovery times (time from end of walking until the vein pressure reaches the level of
passive dependency), without and with superficial venous occlusion (occlusion test), form the
diagnostic basis of venous pressure measurements (3).

Superficial
venous pressure
A

R

fo
ES04 Time

Fig. 8. Schematic illustration of the superficial venous pressure at rest, and during ambulation
(solid horizontal line) in healthy subjects (1), patients with superficial and perforator
dysfunction (2), patients with additional deep venous dysfunction (3), and patients with deep
venous outflow obstruction (4). The ambulatory venous pressure (AVP) represents the lowest
mean pressure during walking at the site of measurement, and the recovery time (RT) is the time
interval between the end of walking until the vein pressure reaches the pressure level at passive
dependency. In healthy subjects AVP at distal calf is about 30 mmHg and RT is >20s.
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