Review Article

Calf Pump Activity Influencing Venous
Hemodynamics in the Lower Extremity

Cestmir Recek, MD'

T(Retired from) Division of Vascular Surgery, Department of Surgery,
Faculty Hospital, Charles University, Hradec Kralove, Czech Republic

Int ] Angiol 2013;22:23-30.

Abstract

Keywords

|

venous
hemodynamics

calf perforators
venous hypertension
hemodynamic
paradox

Address for correspondence Cestmir Recek, MD, Mantlergasse 24,
A-1130 Vienna, Austria (e-mail: cestmir@recek.at).

Calf muscle pump is the motive force enhancing return of venous blood from the lower
extremity to the heart. It causes displacement of venous blood in both vertical and
horizontal directions, generates ambulatory pressure gradient between thigh and lower
leg veins, and bidirectional streaming within calf perforators. Ambulatory pressure
gradient triggers venous reflux in incompetent veins, which induces ambulatory venous
hypertension in the lower leg and foot. Bidirectional flow in calf perforators enables
quick pressure equalization between deep and superficial veins of the lower leg; the
outward (into the superficial veins) oriented component of the bidirectional flow taking
place during calf muscle contraction is no pathological reflux but a physiological
centripetal flow streaming via great saphenous vein into the femoral vein. Calf
perforators are communicating channels between both systems making them con-
joined vessels; they are not involved in the generation of pathological hemodynamic
situations, nor do they cause ambulatory venous hypertension. The real cause why
recurrences develop has not as yet been cleared. Pressure gradient arising during calf
pump activity between the femoral vein and the saphenous remnant after abolition of
saphenous reflux triggers biophysical and biochemical events, which might induce
recurrence. Thus, abolition of saphenous reflux removes the hemodynamic disturbance,
but at the same time it generates precondition for reflux recurrence and for the
comeback of the previous pathological situation; this chain of events has been called
hemodynamic paradox.

Although flow in the arterial system constitutes essentially an
uncomplicated pulsing streaming in one direction from the
heart to the periphery, venous return from the lower extrem-
ity to the heart in upright position is directed against the
gravitation force and displays a more complex pattern; this
field of the venous circulation and pathophysiology continues
to be an insufficiently understood sphere with controversial
perceptions concerning pressure and flow interactions in
three different parts of venous circulation in the lower
extremity: in deep and superficial veins, and in communicat-
ing channels between them. Moreover, several hemodynamic
phenomena of the venous circulation have not so far been
unequivocally apprehended or precisely defined, which pro-
vides for misunderstanding and misinterpretations, and de-
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forms results presented after surgical and nonsurgical
treatment of varicose veins.

In this article, proven evidences pertaining to the influence
of calf pump activity on pressure and flow changes that affect
venous return to the heart were gathered from the references.
Special point of view was concentrated on the hemodynamic
significance of ambulatory venous hypertension, and on
confusing opinions concerning incompetent calf perforators
and reflux recurrence.

Effect of the Hydrostatic Pressure

During quiet standing with relaxed calf muscles, gravitation
force induces hydrostatic hypertension in the veins of the
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lower extremity. The zero line lies at the level of the right
atrium; beneath that point the pressure rises by 0.8 mm
Hg/cm and reaches approximately 90 mm Hg at the ankle,
depending on body height. The pressure is equal in deep and
superficial veins at the same hydrostatic level." There is no
reflux in incompetent veins of the lower limb during quiet
standing with relaxed calf muscles, as verified by direct flow
measurements.” The venous flow toward the heart at rest is
provided mainly by vis a tergo, that is, by the resting heart
energy beyond the capillaries; pressure difference between
venules and right atrium attains approximately 15 mm Hg.

The hydrostatic pressure is a physical factor inducing
dilatation of veins, but it is not the motive force evoking
venous reflux. Different levels of hydrostatic pressure do not
provoke flow. Flow in the veins of the lower extremity is
induced by pressure difference related to the same hydro-
static level.

Effect of Increased Intra-abdominal Pressure

Transmission of increased intra-abdominal pressure into the
veins of the lower extremity is another important factor: it
can produce values exceeding 200 mm Hg, which significant-
ly surpass values of the hydrostatic pressure and have a
corresponding veno-dilating effect. The transmission is facil-
itated by the circumstance that in varicose vein patients there
is no competent valve between the saphenofemoral junction
(SFJ) and the inferior caval vein in the overwhelming majority
of cases.>** The consequence is progressive dilatation of the
great saphenous vein (GSV) beginning from the SF] with
ensuing incompetence. This is an argument supporting the
descending theory and explaining the development of saphe-
nous vein incompetence.

mm Hg

IR
p=0.003

Fig. 1 Peak pressure differences between posterior tibial vein and
great saphenous vein. Left: during muscle contraction, right: during
muscle relaxation. A: with reflux, B: without reflux. Saphenous reflux
significantly increased the pressure difference during muscle
relaxation.
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Interestingly, small saphenous vein (SSV) incompetence
occurs three to four times less frequently than GSV incompe-
tence, although the hydrostatic pressure at the saphenopo-
pliteal junction is higher than at the SFJ; that is at odds with
the ascending theory. The possible explanation is that the SSV
is protected against the effect of the increased intra-abdomi-
nal pressure by competent valves in the superficial femoral
vein. This assumption is corroborated by the fact that in most
cases of SSV incompetence, the deep venous axis (femoral,
popliteal) above the saphenopopliteal junction is also incom-
petent,5’6 so that the SSV is exposed to the impact of the intra-
abdominal pressure.

Thus, the dilating effect of increased intra-abdominal
pressure contributes to the development of incompetent
venous conduits and increases the dilating effect of the
hydrostatic pressure in the veins of the lower extremity in
varicose vein disease.

Activation of Venous Flow

Activity of the calf muscle pump is the motive force that
significantly affects venous circulation in the lower extremity.
It produces streaming of venous blood in both vertical and
horizontal directions.

The vertical flow has two components: a centripetal flow
during calf muscle contraction and a centrifugal flow during
muscle relaxation. Pressure changes are generated in deep
lower leg veins. Calf muscle contraction elevates the pressure
to approximately 140 mm Hg and expels venous blood into
the popliteal and femoral vein; the pressure difference be-
tween the posterior tibial vein (PTV) and popliteal vein
amounts in average to 51 mm Hg.1 The centrifugal compo-
nent during muscle relaxation lasts in competent veins
approximately 200 to 300 milliseconds and represents the
physiological centrifugal flow’; in incompetent veins, it
produces reflux of variant intensity and a duration exceeding
0.5 second.

The horizontal flow takes place in communicating chan-
nels between deep and superficial veins of the lower leg. The
increased pressure arising during calf muscle contractions is
transmitted from deep lower leg veins into the saphenous
system through calf perforating veins. Simultaneous pressure
measurements in the PTV and GSV in varicose vein patients
detected that the peak systolic pressure in the PTV was higher
than in the GSV; the average difference was 13 mm Hg.
Saphenous reflux did not influence the systolic pressure
difference. During muscle relaxation the pressure situation
turned round, the peak pressure in the GSV was higher than in

Fig. 2 Simultaneous recordings of the mean pressure in the posterior
tibial vein (lower curve) and great saphenous vein (upper curve) in a
varicose vein patient after temporary occlusion of the saphenous
reflux. Physiological decrease in pressure during calf pump activity.
Pressure curves in both veins are nearly identical.



Fig.3 Simultaneous recordings of the factual pressure in the posterior
tibial vein (upper curve) and great saphenous vein (lower curve) in a
patient with severe chronic venous insufficiency. After interruption of
saphenous reflux, physiological decrease in pressure was recorded
both in posterior tibial and in great saphenous vein during calf pump
activity; slow return to the starting level during the following recovery
period. Both curves are nearly identical demonstrating pressure
behavior typical of conjoined vessels.

the PTV; saphenous reflux significantly increased the pres-
sure difference®'? (~Fig. 1).

Hence, the blood is expressed during muscle contraction
from the PTV into the GSV via lower leg perforators and
increases the pressure in the GSV; the blood afflux taking
place through lower leg perforators is no pathological reflux,
but a physiological centripetal flow of venous blood stream-
ing further through the GSV into the femoral vein, as docu-
mented by duplex ultrasonography. It causes neither
ambulatory venous hypertension nor another pathological
situation.

Fig. 4 Calf pump activity generates pressure difference between
thigh and lower leg veins, which has been called ambulatory pressure
gradient. The dashed line indicates the boundary of the ambulatory
pressure gradient. The sign + means higher pressure, the sign —
means lower pressure.
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Fig. 5 Ambulatory pressure gradient: statistical evaluation yielded
the value of 37.4 4+ 6.4 mm Hg. The pressure difference between
thigh and lower leg veins was highly significant.

During muscle relaxation, the blood returns back from the
GSV into the PTV; this bidirectional streaming was docu-
mented by duplex ultrasonography in healthy persons'' and
by electromagnetic flow measurements in varicose vein
patients.? The vector of the bidirectional flow is oriented
inward into the PTV: larger amount of blood flows from the
superficial into the deep veins of the lower leg than in the
opposite direction during calf pump activity, especially if
saphenous reflux is present.2

Simultaneous recordings of the mean (damped) pressure
in the PTV and GSM revealed that the pressure curves were
very similar, nearly identical, both in healthy persons and in
varicose vein patients'®'%13 (~Figs. 2 and 3. This documents
that lower leg perforators allow unhindered quick pressure
transmission and equalization between deep and superficial
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Fig. 6 Pressure recordings from the great saphenous vein above the
ankle in a patient with chronic venous insufficiency and varicose ulcer.
Factual pressure followed by damped pressure. Top: the gravest form
of ambulatory venous hypertension; no decrease in pressure during
calf pump activity. Bottom: restoration of physiological pressure
conditions after temporary occlusion of the refluxing great saphenous
vein. Arrow marks the end of muscle contractions. Ambulatory venous
hypertension was caused by venous reflux, not by calf pump failure.
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Schematic illustration of the damped venous pressure in the
incompetent GSV in the lower leg during the calf pump activity
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Fig. 7 Schematic illustration of the hydrostatic venous hypertension, ambulatory venous hypertension, and physiological decrease in pressure.

For more details, see text. GSV, great saphenous vein.

veins; deep and superficial veins in the lower leg form
conjoined vessels.

Ambulatory Pressure Gradient: Ambulatory
Venous Hypertension

Calf pump activity evokes physiological decrease in pressure to
approximately 25 mm Hg in the veins of the lower leg and foot.
In contrast, the pressure in the thigh veins (popliteal and
femoral veins) does not decrease: it exhibits fluctuations
during calf pump activity, but the mean pressure keeps the
starting level of the quiet standing up. As a consequence,
pressure difference between thigh and lower leg veins
arises 812 (=~Fig. 4); it was called ambulatory pressure gradi-
ent and yielded the value of 37.4 + 6.4 mm Hg'? (~Fig. 5).

Ambulatory pressure gradient sets off venous reflux in
incompetent veins. Venous reflux can be defined as a centrif-
ugal flow of blood within an incompetent venous channel
connecting both poles of the ambulatory pressure gradient.
The higher pole lies in the femoral or iliac vein and the lower
pole in the lower leg vein. Reflux takes place during relaxation
of calf muscles and stops as soon as the ambulatory pressure
gradient is equalized. It causes ambulatory venous hyperten-
sion, the severity of which depends on the intensity of the
centrifugal flow expressed in mL/s.

Ambulatory venous hypertension can be defined as a
deviation from the physiological decrease in pressure to higher
values. The severity of ambulatory venous hypertension is
determined by the difference between calf pump output
(analogous to cardiac output—the calf pump has been called
“peripheral heart”) and the inflow into the venous system,
which is the sum of flow coming through capillaries plus the
amount of reflux. It is irrelevant whether reflux takes place in
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superficial or deep veins; reflux intensity is the decisive factor.
When the expelled and refluxing blood volumes equilibrate, no
decrease in pressure occurs during calf pump activity. This
severe hemodynamic disturbance in varicose vein disease
develops due to reflux, not due to failure of the calf muscle
venous pump, as demonstrated in ~Figs. 3 and 6.

Thus, it must be discriminated between hydrostatic and
ambulatory venous hypertension: hydrostatic hypertension is
caused by gravitation force, whereas ambulatory hypertension
is caused by venous reflux. The situation is schematically
illustrated in =Fig. 7. The starting level corresponds to hydro-
static venous hypertension. In a case with saphenous reflux,
the pressure drops to the level of ambulatory venous hyper-
tension. Abolition of saphenous reflux entails pressure drop
right up to the level of physiological decrease in pressure;
release of saphenous reflux retrieves pressure rise back to
ambulatory venous hypertension. After cessation of calf pump
activity, the pressure returns either quickly (under the influ-
ence of reflux) or slowly (without reflux) to the starting level.

Hence, ambulatory pressure gradient triggers venous re-
flux, and moreover it sets off biophysical and biochemical
events inducing recurrent reflux after therapeutic elimina-
tion of saphenous reflux, as discussed in sections “Tendency
of Varicose Veins to Recur” and “The Hemodynamic Paradox.”

The Role of Incompetent Lower Leg
Perforating Veins

The hemodynamic significance of calf perforating veins con-
tinues to be the point of controversy. The conception that
incompetent calf perforating veins cause hemodynamic dis-
turbance and that they are responsible for the formation of
leg ulcerations is still widely accepted. However, there are
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Hemodynamic paradox
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Fig. 8 Hemodynamic paradox. Elimination of saphenous reflux in the groin restored physiological hemodynamic conditions (I, Il), but at the same
time it generated prerequisite for the comeback of previous pathological situation with recurrent reflux (lll). Strain-gauge plethysmography
evaluating refill time t-90, t-50, and refill volume in patients with very severe chronic venous insufficiency displayed the gravest form of
hemodynamic disturbance before operation (B); reestablishment of physiological hemodynamic conditions was achieved in the presence of large
incompetent calf perforators 1 week after pure crossectomy without any additional measure (A). However, abolition of saphenous reflux
generated pressure difference between the femoral vein and the saphenous remnant, which set off biophysical and biochemical events evoking

recurrent reflux. For more details, see text.

some evidences that rebut this opinion. Pressure measure-
ment in the PTV and GSV in varicose vein patients with severe
chronic venous insufficiency and large incompetent lower leg
perforators showed that there was a physiological decrease in
pressure in both the PTV and the GSV during calf pump
activity, once the saphenous reflux was abolished by digital
compression.z’g‘m'14

Furthermore, direct pressure measurement in incompe-
tent lower leg perforator found out a physiological decrease in
pressure after saphenous reflux was abolished by digital
compression,2 which is exactly the contrary of what the
theory of incompetent perforators asserts. Flow recordings
with electromagnetic flow meter in incompetent calf perfo-
rator revealed a bidirectional streaming, the vector of which
was oriented inward not outward (again in contradiction to
the theory of incompetent calf perforators). Saphenous reflux
enhanced the inward-oriented component.?

Another proof was gained by plethysmographic measure-
ments. Strain gauge plethysmography evaluating refill times
t-90, t-50, and refill volume confirmed very grave forms of
chronic venous insufficiency before surgery. Reestablishment
of physiological hemodynamic conditions was achieved
1 week after pure crossectomy in the presence of large
incompetent lower leg perforating veins'” (~Fig. 8, I, II).

The mentioned evidences rebut the theory of incompetent
perforating veins. Calf perforators enlarge with increasing
saphenous reflux and diminish after saphenous reflux has
been abolished by a therapeutic measure.'®'” Even if incom-

petent, they are not involved in the generation of hemody-
namic disturbance. They do not cause ambulatory venous
hypertension.

The conception that calf perforating veins in healthy
persons were competent was formulated many years ago
on the basis of freely contrived speculations, without any
objective proof; nevertheless, that assertion has been widely
accepted. Modern duplex ultrasonography cannot unambig-
uously resolve this issue: it is able to assess particular calf
perforators, but not the system as a whole. On the other hand,
simultaneous pressure recordings in deep and superficial
veins of the lower leg are a more suitable assessment tool
to evaluate this issue and to disclose the reality.

Pressure curves recorded from the PTV and GSV in healthy
persons were quite similar, nearly identical, with steep
increases in pressure during each calf muscle contraction
both in deep and in superficial veins''?; that is, a pressure
pattern typical of conjoined vessels demonstrating unhin-
dered pressure transmission and a persuasive proof excluding
competency of the calf perforating system. Moreover, cen-
tripetal flow in the GSV, which can be recorded as a result of
calf muscle contraction or manual calf squeezing, must come
from deep lower leg veins via calf perforators. So, as long as no
conclusive proof will be presented confirming complete
competence of the calf perforating systems, we are not
entitled to assert that calf perforating veins as a whole in
healthy persons are competent and preclude evasion of
venous blood from deep into superficial veins.

International Journal of Angiology  Vol. 22 No. 1/2013
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Simultaneous pressure recordings from the PTV and GSV
in varicose vein patients yielded similar results®10-14
(=Figs. 2 and 3, and confirmed the conclusion that calf
perforating veins enable quick pressure transmission and
equalization together with bidirectional flow within them.
Deep and superficial veins of the lower leg form conjoined
vessels, as mentioned earlier.

Tendency of Varicose Veins to Recur

Recurrence after varicose vein surgery is a common event
with a wide range depending on the length of follow-up,
applied therapeutic procedure, and method used to diagnose
recurrence. Apart from disease progression, inadequate sur-
gery has been blamed to cause recurrences.'®"2% Neverthe-
less, recurrences arose after correctly performed crossectomy
and stripping as well.?"*?> The groin region is the most
common site where recurrent reflux occurs. Neovasculariza-
tion, that is, formation of new venous channels after surgical
closure of refluxing SFJ, was considered to be the most
significant cause of recurrent varicose veins, and the surgical
procedure itself has been blamed to trigger neovasculariza-
tion.2>~%° Attempts to prevent recurrences in the groin by
inserting diverse sorts of barriers over the ligated SF] were
disappointing?®~2%; mechanical barriers either moderately
reduced reflux recurrence rate in the groin in some studies
or were ineffective in others, but in all they did not preclude
development of recurrent reflux. Some authors expressed the
opinion that recurrent reflux in varicose vein disease was
unavoidable, no matter how careful and painstaking the
primary procedure might be,?®3? and postulated that some
unspecified hemodynamic factors might be responsible for
recurrences.>'32

The Hemodynamic Paradox

A recent article dealt with that issue.>® In short, abolition of
saphenous reflux is able to remove the gravest hemodynamic
disturbance and to reestablish physiological pressure values,
but simultaneously it creates preconditions for recurrent
reflux and for the comeback of the previous pathological
situation. During calf pump activity, venous blood is drained
from the incompetent remnant of the GSV into the deep lower
leg veins, which results in pressure decrease in this vein. Thus,
once saphenous reflux has been abolished, pressure differ-
ence of 37.4 + 6.4 mm Hg is generated during calf pump
activity between the femoral vein and the GSV remnant in the
thigh, which stimulates reappearance of reflux (=~Fig. 8, III).
The pressure difference enhances flow rate through preexist-
ing minor communicating channels, which increases fluid
shear stress on the endothelium and sets off release of vaso-
dilating agents4-3%; the result is a progressive dilatation of
preformed tiny communicating channels between the femo-
ral vein and the incompetent GSV remnant, and ultimately
recurrent reflux.

Ambulatory pressure gradient arising in healthy persons
between thigh and lower leg veins is transmitted in varicose
vein disease into the thigh; the boundary lies now between
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the femoral vein and incompetent superficial veins of the
thigh.

Pressure difference between the femoral vein and superfi-
cial veins in the thigh does not appear in healthy persons
where competent valves preclude drainage of venous blood
from the thigh into the lower leg. Hence, no pressure differ-
ence develops between the femoral vein and competent
superficial veins in the thigh in healthy persons; no impulse
for the development of centrifugal flow emerges. Neovascu-
larization does not take place after harvesting GSV for bypass
graft. Surgery itself does not trigger the development of
recurrent reflux in varicose vein disease.

The propensity to restore centrifugal flow in incompetent
veins is the consequence of the process induced by pressure
difference between two vascular segments. That biological
process is salutary in arterial system: it induces creation of
collateral circulation in arterial occlusions.>*-3® Unfortunate-
ly, in varicose vein disease, it causes harm: because the flow
direction in incompetent GSV is predominantly centrifugal,
the tendency to restore reflux is the logical outcome once an
obstacle to centrifugal flow has been created by the thera-
peutic measure abolishing reflux. Thus, the process can be
considered as a derailment of the natural recovery abilities.

The same mechanism is obviously active in veins with
centripetal flow, too. Thrombosis of the venous outflow tract
also evokes pressure gradient, which might trigger the same
biophysical and biochemical events generating venous col-
lateral circulation with restored centripetal flow.

Conclusion

Ambulatory pressure gradient arises between thigh and
lower leg veins during calf pump activity and triggers venous
reflux in varicose vein disease. Venous reflux causes ambula-
tory venous hypertension in the lower leg and foot, the
severity of which depends on the intensity of centrifugal
flow expressed in mL/s. Bidirectional flow within calf perfo-
rators equalizes pressure differences between superficial and
deep veins of the lower leg and makes them conjoined vessels.
Incompetent lower leg perforating veins are not involved in
the generation of hemodynamic disturbances, and they do
not cause ambulatory venous hypertension. Pressure differ-
ence occurring between the femoral vein and the saphenous
remnant after interruption of saphenous reflux triggers
biophysical and biochemical events that lead to recurrent
reflux. The propensity to restore centrifugal flow improves
impaired arterial circulation in arterial occlusions, but causes
harm in incompetent veins, evoking recurrent reflux. The
effect of the mentioned hemodynamic factors may explain
the tenacious tendency of varicose vein disease to recur.
There is a curious chain of events in varicose vein disease,
the hemodynamic paradox: therapeutic procedure that re-
moves saphenous reflux, the most important pathological
factor causing hemodynamic disturbance in varicose vein
disease, simultaneously generates hemodynamic precondi-
tions for recurrent reflux and for progressive comeback of the
previous pathological situation. From this point of view,
abolition of saphenous reflux should be considered as a
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Fig. 9 Progressive deterioration of the hemodynamic situation after
crossectomy caused by recurrent reflux, evaluated by strain gauge
plethysmographic parameters refill time t-90 and t-50 during 4 years
follow-up. 1 w, 1 week after crossectomy, y, year(s).

very important, nevertheless just a palliative, therapeutic
measure, because the propensity for reflux recurrence pro-
gressively attenuates and ultimately thwarts the excellent
immediate therapeutic result (~Fig. 9). Hypothetically, only a
therapeutic procedure that would be able to completely
preclude drainage of blood from superficial thigh veins into
the lower leg, that means which would reinstall conditions
distinctive of healthy persons, would be able to heal varicose
vein disease.
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