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An International Presentation

Dear Colleagues,

treatment of varicose veins based on hemodynamic considerations and especially the CHIVA concept have influenced phlebology for more than a decade. These ideas are not historical but are also a part of new treatment concepts including sclerotherapy and modified surgical procedures. Pre-treatment duplex investigation has become the gold standard. 
Today, more than ever before, there is a lively discussion and a lot of controversies on how to treat varicose veins best. In the moment there is no definite answer to this question based on published prospective comparative studies. Many questions still remain open and hopefully may be answered in the near future.
In these discussions hemodynamic based treatment is always an issue although many of us are not sufficiently familiar with the basics and the nomenclature of the CHIVA concept.
It is the merit of Claude Franceschi and Paolo Zamboni, two of the CHIVA mentors, to give us all the information we need for a better understanding and recognition of these thoughts. The chapters of this book are not only well illustrated with excellent colour pictures but also based on the actual literature.
This book is a mandatory reading for every phlebologist, may she or he be performing CHIVA treatment or not. It is the basis for a better understanding of this concept and for fruitful discussions on the best way of treating varicose veins in the future. 

With kind regards

Professor Eberhard Rabe,
Univerity of Bonn, Germany
President Union International de Phlebologie


An American Presentation

It is with great pleasure and honor that I introduce this book to the reader. Some may be quite familiar with the concepts proposed by Claude Franceschi in his first book on the subject, Conservative Haemodynamic Cure of Incompetent and Varicose Veins in Ambulatory Patients published in 1988. Certainly there has been an evolution of these concepts over the past two decades, resulting in the present work by Profs. Franceschi and Paolo Zamboni. 
I must admit that on this side of the Atlantic, very little attention has been paid to the fundamental notions of venous hemodynamics, whether in the basic understanding of the concepts of valvular function, or the application of these concepts as they relate to treatment of chronic venous disease. While our academic colleagues in the U.S. may have a greater understanding of basic venous hemodynamics, the great majority of clinical work involving superficial venous disease has resided not in the world of academia, but in the realm of private practitioners who evaluate and treat large numbers of such patients on a daily basis. And sadly, as one such private practitioner myself, understanding of the basic principles of venous hemodynamics and their application to therapeutic maneuvers is severely lacking for most of us.
I believe that the greater our depth of knowledge of these important principles, the better the outcome we can expect for our patients. Acquisition and application of this knowledge for better outcomes in the treatment of patients with chronic venous insufficiency will present a challenge for many. This work by Franceschi and Zamboni should greatly lessen that challenge. 
I expect this book to help begin to bridge the gap that separates Phlebology as it is understood and practiced in the U.S. from that of Europe and other parts of the world. I also expect the book to stimulate vigorous discussion regarding basic principles of venous hemodynamics and valvular function as they are presented in this work, and the application of those principles to various treatment options. And ultimately I look forward to facilitating the presentation of these discussions to phlebologic symposia and congresses here in America. 

Nick Morrison, MD
Morrison Vein Institute
Scottsdale, Arizona, USA
Nick Morrison, MD
The Vein Institute, Scottsdale, AZ


A French Preface

This book represents the updated English version 20 years later my first CHIVA book, that was entirely hand written.
Venous Hemodynamics was not properly studied before the Duplex scan era because invasive investigations were not appropriate enough, due to their static nature. The second reason is that people interested in venous superficial disease where mostly oriented towards dermatology and cosmetics, which doesn’t require physics and hemodynamics. So, varices were more or less considered as “tumours” to take away, due to histological wall changes , and their recurrences were assigned to a biological hereditary status. 
I was working in arterial pathology and developed Doppler signal interpretation from 1975. I have been interested in varicose veins in order to spare the draft material for arterial by-pass; so I tried to understand the pathophysiology of venous disease. In the medical literature I didn’t find any convincing response. My previous knowledge in haemodynamics gave me the keys for understanding more. I was happy to find a coherent model. I didn’t foresee that many would perform pseudo “CHIVA” without any knowledge of it and would be “disappointed” not by themselves but by the method “theoretically fascinating” but “practically inefficient”. So, some tenors of Phlebology sang around the world that CHIVA didn’t work. But it works! 


Claude Franceschi


An Italian Preface

The development of the original haemodynamic concept of Claude Franceschi, along the last 20 years, gives me the opportunity to remark how several recognized cornerstones in duplex evaluation were originally described by CHIVA authors. The original sin in spreading novel concepts was certainly the French language, and my impression is that a lot of phlebologists around the world are still unaware of the contribution of CHIVA studies in the development of modern venous duplex investigation. Duplex anatomy is the necessary premise of a correct duplex mapping. CHIVA studies introduced the followings: 
· the standing position for duplex investigation of CVD cases
· the introduction of different manoeuvres for eliciting reflux, providing a coherent interpretation of their significance. 
· the use of transverse duplex access and the saphenous eye sign 
· the alignment sign for localization of the AASV
· the concept of the duplex saphenous compartment and the tributaries layer.
· the end of the concept of varicose saphenous vein
This is well apparent by comparing the consensus conference on duplex venous anatomy published on EJVES in 2006 with the chapter of Mark Bailly published in 1993 on the Encyclopedie Medico-Chirurgicale. The Bailly’s chapter contains more than 80% of what was approved 13 years later by the Consensus Conference in San Diego. 
The haemodynamic inseparability of the reflux phenomenon from the re-entry one, is the key for understanding the concept of the vicious circles defined as venous shunt. The duplex individuation of the venous shunt provides a coherent model to achieve the target of Doppler guided surgery of CVD. If someone should reflect on the different models of venous shunt herein described, and on their infinite variations in our patients, it will appear very clear the impossibility to correct the disease always with the same conceptual approach: the saphenous vein destruction. 
This book shows how this approach is incoherent in the majority of cases, including the presence of a competent terminal valve (more than 40% of cases), the presence of pelvic shunt (around 10% of cases in female), the presence of a saphenous trunk completely or almost completely competent, etc. Preoperative duplex assessment gives us the possibility to tailor surgery achieving the goal of reflux suppression while maintaining the drainage function. It is a fantastic opportunity for introducing in vascular surgery the concept of venous restorative surgery. Because a surgeon, by learning venous haemodynamics, can redirect venous flow exactly where he wants, without destroying the saphenous vein. 


Paolo Zamboni, MD 
In: Principles of Venous Hemodynamics	ISBN 978-1-60692-485-3
Authors: Claude Franceschi and Paolo Zamboni	© 2009 Nova Science Publishers, Inc.
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Chapter 1


Physical Principles of Venous Haemodynamics


Paolo Zamboni
University of Ferrara, Italy.


1. Basic Haemodynamics

1.1. Fluid-Static: Correlation between Pressure and Energy

The venous system functions under two conditions: fluid stasis and fluid dynamics. It is necessary to review some principles of physics in order to define and correctly interpret the phenomena described below [68]. 
First we will examine the principles that govern the behaviour of venous blood under conditions of stasis. There is a widespread opinion that fluid motion within a conduit is produced by the pressure difference or gradient between the two ends. If this were true, then if we stood a closed-end cylinder vertically and filled it with a fluid, we should expect upward motion in the fluid, from the bottom, where the pressure on the cylinder walls is greater, to the top where the pressure on the cylinder walls is less. But this does not happen (Figure 1.1)
In reality, pressure on the cylinder walls (defined as static or lateral pressure) represents only one part of the total energy of this system; another part is gravitational potential energy linked to the height level that the fluid occupies (hydrostatic pressure). Since static or lateral pressure, greater at the bottom and less at the top, is perfectly offset by gravitational or hydrostatic pressure, greater at the top, less at the bottom, then total energy is absolutely identical in all parts of the system.
Analogous to the zero principle of thermodynamics, which states that no exchange of energy can occur between systems or between points within a system at the same energy level, we find no fluid motion (and therefore no exchange of energy) within a cylinder between points that have the same total energy level [53,54,257].

1.2. Fluid-Dynamics: Definition of Potential, Pressure and Gravitational Energies

Now let us imagine two cylinders placed vertically, connected to each other through a conduit with a removable rigid diaphragm installed internally at the level of the base of the cylinders. If the height of the fluid within the cylinder on the right is greater than the height of the same fluid in the left cylinder, then an energy gradient exists between these two systems. Both lateral and hydrostatic pressure are greater in the right than in the left cylinder because the fluid on the right is at a higher level. The energy gradient in this case is totally independent of the absolute heights of the fluid; instead, it depends solely on the inequality of the levels within the two cylinders.
The second principle of thermodynamics states that energy is spontaneously transmitted from a system at a higher energy level to a system at a lower energy level and not vice-versa. Therefore, it is logical to expect fluid motion (i.e., work) and thereby an exchange of energy from the right cylinder to the left cylinder whenever the rigid diaphragm that separates the two systems is removed; this is something that regularly occurs by reason of the principle of communicating vessels (Figure 1.1).
To sum up, we believe it is more correct to regard fluid motion within a conduit as the result of an energy gradient instead of a pressure gradient.

[image: ]
Figure 1.1. The principle of communicating vessels and its application in the superficial and deep venous system physiology, characterized by different height columns.

2. Re-Entry Gradients

2.1. Required Elements for Flow Determination

If, however, we apply energy in the form of pressure to one end of a rigid conduit filled with fluid, while the other end is closed, we do not produce any fluid motion within the conduit. In this situation, the total energy of the system increases in response to the increase in pressure, but pressure at the distal end of the conduit increases immediately, and any pressure gradient between the two ends is also immediately eliminated.
Therefore, the application of energy in the form of pressure to one end of a conduit clearly represents a necessary element, but insufficient in itself, for producing a gradient that endures for the time required to overcome the inertia of the system and to produce fluid motion within the conduit [68].
Another element, also necessary and insufficient in itself, is represented by the capacity of the conduit, and/or of systems connected to it, to receive the volume of fluid in motion in such a way that the exit velocity of the pressure at the end of the conduit (opposite the entry point where energy is applied in the form of pressure) does not exhaust the gradient prematurely [257].


2.2. Compliance

This capability to receive fluid in the conduit and to maintain the gradient over time is expressed in physics as the ‘compliance’ of the system. It depends on the elasticity/rigidity, the length and (to a lesser extent) the radius of the conduit and also on the degree of filling. For example in the venous system there is a different behaviour when the vein is filled and distended by the blood (Figure 1.2) [10-12,73-75,261-262,275-277].

[image: ]
Figure 1.2. The pressure-diameter curve demonstrates during the filling phase greater increasing in diameter with no correspondent increasing in pressure(fig B). The linearity of the relationship starts after the completion of the vein filling. In the GSV this happens at a pressure around 20 mmHg.
We know from classical physiology that the relationship between vein volume and pressure is characterized by a significant increase in volume with little change in pressure during the filling phase [93,231-233], in which the vein is distended by the increase in blood volume. In other words, during this first phase the pressure/volume relationship is not linear. Instead, during the distension phase following the filling phase, further increases in volume are proportionally reflected by pressure increases, so that linearity of the volume/pressure relationship in veins can be demonstrated starting from pressure values around 20 mmHg. On the other hand, after completion of the filling phase, vein diameter is geometrically related to vein volume (provided that vessel length is constant). This may explain the finding of a linear pressure/diameter relationship in the saphenous vein at the thigh, starting from 20 mmHg [261].
Compliance (c) is a characteristic of every hollow system. Volumetric increase (dV) of the content is correlated with pressure increase (dP) inside the container (the equation is c= dV/dP); compliance therefore represents the slope of the volume/pressure curve within a system [1,10-12,75 –76,275-277].
If a system has high compliance, it can receive a significant volume of fluid with a small increase in pressure; the curve will not be very steep.

[image: ]
Figure 1.3. Linearity of the volume/pressure relationship in veins can be demonstrated starting from pressure values around 20 mmHg.
Conversely, if the system has low compliance, even a small increase in fluid volume within the system causes a significant increase in pressure, and the curve will be steeper.
The mechanical behaviour of material subjected to tension is described by Hooke’s law (F= E.dL), which states that every material subjected to a force tends to develop a reactive force (F) proportional to the elongation produced (dL), in a linear ratio through a constant (E) (the Young modulus) which is characteristic of any material and represents the slope of the line (E= dL/F) [68].
Biological materials, however, do not obey this law and demonstrate a ratio between applied force (or developed force) and produced elongation that is curvilinear in form. The slope, called a tangential modulus, varies from point to point on the curve in proportion to the produced length and therefore is not a constant like the Young modulus.
By analogy with the tangential modulus of the force/elongation curve, compliance in biological systems (i.e., the slope of the pressure/volume curve) also varies from point to point in relation to the filling volume of the system.
The shape of the compliance curve is determined, therefore, by the physical characteristics of the material involved [10-12] in the system, as well as by the volumetric extension of the system and its geometric configuration. It is evident that the greater the volume of a container, the greater its capacity to receive the volume of the contents with a small increase in internal pressure. It is also evident that in a hollow spherical system the extension of the system is correlated solely with the radius, while in a hollow tubular system it is correlated principally with the length of the system and only to a small degree with the radius or diameter.
The actual value of compliance is, instead, correlated, as we mentioned, with the filling volume of the system [186,231,262]; this in turn is determined by the kind of system in question. In a hydrostatic system, with the fluid in stasis, the degree of filling in the system is influenced only by the initial volume; but in a hydrodynamic system, with the fluid in motion, the degree of filling in the system is influenced not only by the initial volume but also by the relation between input rate and output rate.


2.3. Flow: Castelli’s Law, Bernoulli’s Principle, Venturi Effect

Whenever energy in the form of pressure is applied to a high-compliance system, the gradient is capable of enduring for the time required to overcome inertia and produce fluid motion, or flow, inside a conduit [68,261].
Under normal conditions, that is, during the time in which the flow is continuous and constant, Castelli’s law (a development of the equation of continuity, or the Leonardo law) states that flow velocity is inversely proportional to the area of the conduit sections. This means that if the area of a conduit section is reduced, flow velocity increases and conversely, if the area of a conduit section is increased, flow velocity decreases. In addition, if the conduit divides into several branches and the sum of the area of the sections in the different branches is greater than the area of the section in the main conduit, then flow velocity will decrease; conversely, if several branches unite to form one conduit and the sum of the area of the sections in the different branches is greater than the area of the section in the main conduit, then flow velocity increases.
Whenever flow is produced in a conduit, the total energy of the system is represented at each point not only by the sum of the pressure potential energy and gravitational potential energy, as in the case of a closed-end cylinder in a vertical position, but also by the kinetic energy produced by fluid motion.
According to Bernoulli’s principle for fluids in an ideal state, the sum of potential energy (lateral and gravitational pressure) and kinetic energy is constant at any point. This means that in a hydrostatic system (one with the fluid in stasis and velocity at zero) the sum of potential energy is at its maximum, while in a hydrodynamic system (with the fluid in motion) the sum of potential energy is decreased proportionately to the velocity of the fluid. In other words, the lateral pressure exercised on the conduit walls by a fluid in motion is less than that exercised by the same fluid in conditions of stasis, and the greater the velocity reached by the fluid, the more marked the reduction in pressure. 
If we have two equal and parallel communicating conduits and the fluid in one of them moves at a greater velocity, then by Bernouilli’s principle the lateral pressure there is lower. In this way a gradient is created between the conduit in which the fluid moves at a lower velocity and the one in which it moves at greater velocity. The latter thereby causes an “aspiration” effect upon the former; this phenomenon is known as the Venturi principle. 

[image: ]
Figure 1.4. Classic experience of the tube of Pitot, demonstrating the aspiration of fluid thanks to the Venturi effect in collateral tubes with different lateral pressure gradients.
We have spoken generally in the preceding paragraphs of a “fluid” and a “conduit” in an ideal state, that is a fluid free of internal friction and a conduit with walls that produce no friction during contact with the fluid moving past them.
In the biological environment, however, blood possesses complex visco-elastic flow properties, and vessel walls produce friction through contact with circulating blood.
An extension of the second principle of thermodynamics, called the law of entropy, states that in the case of real fluid circulation and real conduits, part of the energy is dissipated in the form of heat and increases the share of energy no longer available for doing work (system entropy).
Therefore, while Bernouilli’s principle remains basically valid even for real fluids, it could be “corrected” by adding entropy to the two forms of equilibrated energy, potential and kinetic.
Nature has already performed a similar “correction”: the thermodynamic purpose of the series of pumps placed along the cardiovascular system is, in fact, to restore vascular system energy dissipated in the form of heat due to friction.


2.4. Turbulent Flow

The characteristics of blood viscosity and vascular wall friction also affect kinematics, that is, the geometry of fluid motion.
Blood flow within the vascular system is, for the most part, laminar, which means it behaves as though it were composed of very fine, concentric, cylindrical layers that slide over one another. The layer in immediate contact with the vessel wall is practically static; proceeding toward the center of the vessel, the individual layers move with increasing velocity up to a certain distance from the wall; from there on, the velocity is practically constant.
Under certain circumstances, flow can become turbulent, or completely irregular; particles of fluid stream toward the center continually and form vortices. Turbulent flow is characterized by a huge expenditure of energy because the kinetic energy vector that normally points straight along the vascular trunk breaks up into a very high number of vectors pointing chaotically in all directions. Whenever this type of haemodynamic condition occurs, for example, in the saphenous trunk, it is accompanied by development over time of dilation of the trunk [69,94-95,268].
The transition from laminar to turbulent flow depends on fluid density and viscosity, conduit diameter and flow velocity [68,69].
All of these variables have been united in a nondimensional parameter, the Reynolds number, which, if higher than 2,000, is predictive of turbulent flow.
Turbulence is one of the major causes of vein wall dilatation and is significantly associated to segmental dilation of the GSV (figure 1.5). Turbulence plays a major role in veins walls dilation respect to pressure [95,268]. This explains why when you replace with the saphenous conduit an artery, in bypass surgery, the GSV does not appear dilated in the outcome despite the increased blood pressure. Therefore, blood pressure in a laminar flow system does not produce vein walls dilation and varicose veins. In contrast, wasting forces applied to the vein wall along time determine varicosity and dilation. 
Oscillatory flow, in upward direction during muscular systole, and in downward during diastole, is considered one of the major stimuli to vein wall inflammation and valve remodelling and injury [23].

[image: ]
Figure 1.5. A: Laminar flow characterized by higher velocity in the middle of the vessel and decreased velocities towards the walls. B Mechanic effects of turbulent flow: reflux with flow conflict and turbulence in a collateral vein of the GSV with dilation.
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Chapter 2


Basic Ultrasonic Anatomy of the Lower Limbs Venous System


Paolo Zamboni
University of Ferrara, Italy.


1. Information from Vascular Ultrasound Devices

EchoDoppler and color-echoDoppler diagnostic systems are able to furnish at least three levels of information. The first level is the B-mode image, which offers morphological information [57,61]. This is of extraordinary importance since it allows us to integrate successive information with reference to a perfectly localized and anatomically catalogued vessel segment. Historically, this information brought about improved diagnostic accuracy with respect to CW Doppler systems that only allowed for “blind” hemodynamic analyses. In certain sectors of the venous tree, as for example in the popliteal fossa, the pocket/CW Doppler does not permit differentiation of the signals that come from the veins in that area, possibly leading to numerous errors [72,107,109,121,130,163,169,179,181,184,234,245]. 
The second level of information is that of the velocity-meter Doppler. Thanks to the B-mode image, the small cursor of the Doppler volume sample can be precisely sampled inside the venous segment being analyzed, generally with a 60° angle, bringing to the center of the preselected vessel [61]. In this way, information can be obtained about the direction and velocity of blood in the veins of the lower limbs in muscular systole and diastole, respectively. This information can be represented as waves reflecting the echoes of the red blood cells moving inside the veins. These tracings, the significance of which we will learn to identify, are characteristic of echoDoppler devices. Color echoDoppler represents the different flow velocities and directions with color coding visible inside of the vessel lumen. Practically speaking, it does not provide additional information, but rather the same information as the Doppler tracing, presented in a different form. Nevertheless, color coding allows for the sampling of a number of vessels contemporaneously, thus providing integrated information simultaneously and more rapidly. In addition, it facilitates the identification of veins in areas difficult to explore. 

[image: ]
Figure 2.1. a) B mode imagine providing morphological information of saphenous vein connected with a perforating vein. b) The velocity-meter and flow direction Doppler information thanks to the Doppler sample of a duplex system placed into the perforating vein. b) c) The coloured-Doppler integrated information shows flow direction in both saphenous and perforating vein.
The third level of information is represented by the Doppler sound of the unsonorized vessel. This allows us to identify quickly, for example, flow phases in a venous area when they should be physiologically absent, as during the Valsalva maneuver or during muscle relaxation.


2. Functional Anatomy of the Veins of the Lower Limbs

The B-mode level of information is fundamental to avoid gross diagnostic errors for those who analyze lower limb veins using an echoDoppler system. It is absolutely indispensable to orient oneself through recognizing anatomic markers constantly present in the sections or scanning that is carried out during the course of the examination. 
In an anatomic section of a lower limb, we need to know how to recognize the inter-tegumentary layers (cutaneous and subcutaneous), the superficial and muscular fascia.
As shown in Figure 2.2, the layer of imbrication of the superficial fascia and of the deep fascia contains the saphenous axes, and anatomists now consider it a compartment; in fact, it is called the saphenous compartment [7,19,35-41,49,158,230,252-253,255,257,258-260,268].

[image: ]
Figure 2.2. Anatomo-functional subdivision of lower limb veins.
All of the veins above this layer are intertegumentary veins that represent the superficial venous system and are tributaries of the saphenous axes. Analogously, all of the veins below this layer represent the deep venous system. Finally, all of the veins that perforate the imbrication layer of the fascia, joining the deep venous system with the superficial one or with the saphenous axes represent the perforating veins [6-9,35-41,53,57,61,105,124,145,148,158, 200,252,260,262,268].
On the basis of these anatomic premises, by using an echographic probe at extremely high frequencies, it is possible to differentiate three venous compartments that are characterized by precise anatomic markers (Figure 2.2-2.3):
a) Compartment AC1, containing the deep venous system (DVS): represented by the venous structures situated beneath the deep fascia (femoral, popliteal, tibial, peroneal, gastrocnemius and soleal); network 1 (N1)
b) Compartment AC2, saphenous compartment, network 2 (N2): represented by the venous structures contained in the layer between the superficial fascia and the deep fascia (constantly the great saphenous vein (GSV), the accessory anterior saphenous vein (AASV), the short saphenous vein (SSV), and the vein of Giacomini (GIAC); inconstantly, the tributary paratibial antero-lateral (T vein). The echographic finding in transversal scanning of the saphenous trunk on the inside of the division of the superficial fascia is reported in the literature as “saphenous eye”.
c) Compartment AC3, superficial venous system (SVS), network 3 (N3): represented by the collaterals and saphenous tributaries, situated above the superficial fascia;

[image: ]
Figure 2.3. Anatomical and ultrasonographic transverse access of the medial aspect of the thigh. Legenda: AC 1, 2, 3 = ANATOMICAL COMPARTMENT 1, 2, 3. N 1, 2 = venous NETWORK 1, 2 SF = SUPERFICIAL FASCIA; DF= DEEP FASCIA.
When the veins of the SVS connect different segments of the saphenous compartment, entering and exiting from the superficial fascia, they are defined in the literature as N4 networks. These veins, being situated above the superficial fascia, belong to compartment AC3 and functionally represent intersaphenous branches, between the same saphenous axis (N4 longitudinal) or between different saphenous axes (N4 transversals) (Figure 2.4).
The veins of the deep venous system, that is, the N1 compartment, consists of two subsystems:
a) the intermuscular veins, situated between one muscle group and another, or between a muscle group and a fascial structure, are represented by the following veins: superficial femoral, deep femoral, popliteal, anterior tibial, posterior tibial, and peroneal. These veins, which are “comites” veins in the homonymous arteries, are generally bifurcated, but the two branches are not necessarily equally developed. Valvular density is at its greatest at the level of the leg and decreases progressively towards the base of the limb (Figure 2.5).
b) the intramuscular veins, situated inside the muscular structure, are represented by the gemellary and solear veins, the latter being, it is known, lacking in valvular apparatus.
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Figure 2.4. Different compartments of the lower limb venous drainage.
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Figure 2.5. Decreasing valves density in the N1 compartment from the leg to the thigh.
At the level of the leg, all of the venous groups, both intermuscular and intramuscular, are profusely anastomosed among themselves, sometimes forming a sort of plexum, as, for example, at the level of the posterior tibials (sural plexus).
In addition, at the level of the leg, both types of veins are surrounded by very rigid structures (deep fasciae, dissepiments of the muscular cavities, interosseal membranes and flat bones), which render particularly efficacious the energy transfer caused by the increase in the transverse diameter of the muscles during contraction and, at the same time, perform a retention role with respect to the veins.
Compartment AC2, which forms the true saphenous systems, recognizes in its own anatomical marker (that is, in the fact of being contained in the imbrication of the fasciae) the principal physiopathological characteristic, that of being the retention-providing component in the superficial venous system. 
If we observe the veins in the saphenous compartment in transversal scanning, we see the characteristic construction of the “eye” image, related to the combination of the round black circle of the transversally sectioned vein and the hyperechogenic fascial “eyelids” that surround it (Figure 2.2).

[image: 2]
Figure 2.6. Classic misdiagnosis of varicose GSV in a frequent case presenting with a visible and palpable longitudinal vein trunk of the internal thigh . US imaging reveals that the varicose vein is a vein located above the superficial fascia in the AC 3, network N3. The cited study demonstrated in 101/103 limbs, 98%, that a varicose trunk visible at the internal side of the thigh is a saphenous tributary, always lying more superficially as compared to the GSV. Unfortunately, still today the misdiagnosis of varicose GSV represent the best indication to surgical avulsion. 
This constant and characteristic image allows us to recognize and localize the saphenous axes precisely and to differentiate them from other veins. This enables us to eliminate gross diagnostic errors. One of the most common errors is to diagnose the GSV as being varicose. Figure 2.6 shows a large chordal varix running longitudinally along the medial surface of the thigh. The B-mode image of reference shows, based on the displayed criteria, a saphena recognizable by the undilated and nonvaricosed “eye,” while a collateral vein in compartment AC3 is varicosed. This latter vein runs a few mm more superficially but outside of the superficial fascia.
If, instead, we insonate the veins in compartment AC2 with longitudinal scanning, they will be recognizable as lying on the muscular fascia and being covered by a reinforcement (this, too, hyperechogenous) of the superficial fascia.
The transversal image of the eye requires additional knowledge of the echographic anatomy at the level of the thigh in order to differentiate and recognize quickly the GSV from the AASV, both of which are marked as already stated, by the eye image. The alignment sign is particularly useful for this purpose, precisely where the two veins run parallel, or, in the superior and middle third of the medial face of the thigh [8,57] (Figure 2.7).
At this level, the eye of the anterior saphena, in contrast to the internal one, appears to be aligned with the deep veins, the artery and the superficial femoral vein. These appear perpendicularly beneath the single anterior saphena, situated more deeply than the layer of imbrication of the fasciae, between the muscle heads of the quadriceps and the adductors [8] (Figure 2.7).
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Figure 2.7. The aligment sign between the anterior saphena and the deep veins.
The superficial fascia is a rigid structure and, as such, is able to perform two important functions: 1) to allow the transfer of energy brought by an increase in the transverse diameter of the muscles during contraction (even though the interposed layer of reticular adipose tissue tends to damp the phenomenon), and 2) to carry out a retention role for the veins contained therein. 
In order to improve even further the transfer of muscular energy to the saphena, the saphenous compartment is furnished with a ligament, called the saphenous ligament, that facilitates the pincers-like squeezing action that the imbricated fasciae perform on the saphenous axis (Figure 2.2).
The anatomical organization, in light of the physical principles set forth in Chapter 1, enable us to understand the reasons behind the physiology of the venous system of the lower limbs. If it is true that the energy propulsor, the so-called peripheral heart of the venous system of the limbs, is the surrounding muscular mechanism, it is evident that the transfer of energy from contraction will be maximal in the deep layer and gradually less intense as we move towards the superficial layers. In pratice, the kinetic energy of moving blood will be higher in the deep venous system, high enough but certainly lower in the saphenous system, and very low in the veins belonging to compartment AC3. Therefore, applying Bernoulli’s theorem (Chap.1), we can conclude that the lateral pressure will be lower in the deep venous system, which permits, based on the gradient, a moving of blood in systole from the saphenous and AC3 compartments to the deep system through the perforating veins, and from the AC3 compartment to the saphenous system. The latter becomes, in short, the polarizer of the superficial venous flow due to the high kinetic energy transferred to it from the fascial and ligamental structures of the saphenous compartment, with respect to the other veins of the SVS (Figure 2.2).
Unlike in the deep venous system, the valvular density in the saphenous systems is minimal at the level of the leg and increases progressively towards the crosses, though always remaining lower than that in the deep veins. 
The AC3 compartment includes all of the other superficial veins, and among these even the so-called posterior saphenous arch, or Leonardo’s vein, and the so-called accessory saphenas, which, not being contained in the division of the superficial fascia, are not saphenous systems.
Even in this case, the anatomical marker (i.e., the fact of being situated above the superficial fascia and immersed in the subcutaneous tissue) constitutes for the compartments in question the principle physiopathological characteristic. In fact, the subcutaneous tissue, in addition to damping to an even greater degree the transfer of energy caused by an increase in the transverse diameter of the muscles during contraction, is unable to carry out any retention role for the veins contained in it. For this reason, the veins in compartment AC3 represent the retention-lacking component in the superficial venous system. 
The functional differences between compartment AC2, on the one hand, and compartment AC3, on the other, are also confirmed by the histological structure of the venous walls. The saphenous trunks present, in fact, a double layer of muscle fibers that are circular internally and longitudinal externally, in the media coat much more developed, and a layer of longitudinal muscle fibers at the subintimal level, completely lacking in the collateral veins. 
These observations explain why findings of “tortuous and varicose” saphenas are extremely rare, while such collateral veins are often reported (Figure 2.3).
Besides the venous compartments described are the connections between the superficial network and the deep venous axes, represented by the perforating veins [15,16,18,27,29,49,70,79,106,107,113,137,150,173,177,185,209,212,221,230,278]. The latter can be made up of a single trunk (mono-trunk perforating veins) or several trunks (multi-trunk perforating veins).
The connection, which can be a short or long passage, can be direct, that is, without muscular veins as intermediaries (direct or intermuscular perforating) or indirect, that is, with muscular veins as intermediaries (indirect or intramuscular perforating). 
There are also mixed perforating veins, that is, multi-trunk perforating veins in which one or more trunks reach the deep venous circle as direct perforating, while other trunks reach the deep venous circle as indirect perforating. 
Perforating veins present a variable number of valvular mechanisms, usually three (of which one is on the deep side, one on the superficial side, and one in the intermediate section), which oppose the reflux of blood from the depths towards the surface.
Their place of entrance, at both superficial and deep venous levels, is always in the commissural area [243], that is, in the area in which, based on the kinetics of the valvular opening, the flow velocity is greatest, and the consequent drop in lateral pressure is maximal, during muscle contraction. Nevertheless, many anatomic studies indicate that very often the valvular mechanisms, especially in the smallest perforating veins, are absent or rudimentary, and in some cases oriented in the anti-physiological direction. This enables us to understand how their flow direction is almost exclusively owing to the hemodynamic laws set forth in Chapter 1, rather than being regulated by the valvular mechanisms. 
Because their walls have no external sustaining structure, the perforating veins represent a retentionless component of the venous system. Due to this structural characteristic, they are more or less dilated according to their flow volume. Analogously, their mechanical and parietal compliance characteristics enable them to reduce their diameter, thereby decreasing the hemodynamic overload. 
At the level of the saphenous trunks the perforating veins are particularly numerous, even if often they are invisible echographically because of their small caliber.
The primary function of the perforating veins is to allow for a rapid emptying of the superficial network, especially of the saphenous trunks, into the deep venous axes.
In addition, Boersma has demonstrated that the perforating veins also carry out the drainage of muscular branches and subfascial structures [32].
The saphenous crosses, which represent the transfascial connections between the superficial venous circle (in the case in point the AC2 compartment) and the deep venous circle, must be considered for all effects as perforating [31].
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Venous Compartments and their Hierarchical Order of Emptying
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Venous drainage of the lower limbs occurs in two directions [14,17,19,23,26,30,78,102-105,183-185,193,234,242]:
a) from the distal area towards the heart, therefore in the antegrade, dromic, upward or centripetal direction; and 
b) from the superficial area towards the deep area, therefore in the “cutifugal”, inward direction.
There are, however, two exceptions to this general pattern. The first is a portion (about 10%) of the blood contained in the venous sole of the foot, which, when the foot is resting on a surface, is directed towards the dorsal network through marginal veins (branches originating in the GSV and SSV) and runs, therefore, from the deep area towards the superficial. The second exception is the blood contained in the tributaries of the saphenous-femoral junction; it runs from the abdomen towards the groin.
An efficacious and rigorous interpretation of Doppler signals is necessary for a correct interpretation of the significance of the recorded trace in accordance with the manoeuvre used for obtaining it. Particularly nowadays no distinction is made by the majority of the operators between flow recorded in muscular systole and in muscular diastole; no distinction between the Doppler signals obtained under Valsalva and through compression-relaxation manoeuvre; no distinction between traces recorded in standing or in supine position, and/or by active and passive muscular elicitation. Only by decomposing and recognizing the phases of venous drainage of the lower limbs it will be possible to obtain correct information. 




1. Venous Return in the Absence of Muscolar Activity

In the absence of muscular activity, basal venous return occurs due to the gradient that exists between residual venular pressure, that is, what remains of the initial push imparted by the heart to the circulating blood, and right atrial pressure.
We know from Chapter 1 that the area of the section of the vessels resulting from the confluence of several branchings is always smaller than the sum of the areas of the sections of the branchings. Therefore, according to Castelli’s law, the flow velocity in the vessels of destination is always higher than that in the branchings. 
If we apply Bernoulli’s law and the Venturi effect, every vessel performs an aspiration action on its branchings. In fact, since flow velocity is higher, pressor energy is lower, and this creates an aspiration gradient. 


2. Venous Return in Muscolar Systole

When a person begins to walk, the blood contained in the deep veins undergoes a significant acceleration in the antegrade direction and consequently reaches a high velocity due to the sequential action of the plantar pump and muscle contraction. 
With an ultrasound probe positioned at the saphenous level, it is easy to verify with a sequential compression pump for the foot and calf that even the blood contained in the saphenous trunks undergoes an acceleration in the antegrade direction, but that the velocity attained is lower than that of the deep circle. Following the same principle and applying the concept of the Venturi effect (see Chapter 1) it is possible to observe a slower flow in the N3 compartment than that seen in the N2 compartment, leading to the physiologic hierarchy of venous drainage from N3 to N1. 
This effect is due primarily to the lesser transfer to the superficial vessels of the energy from muscle contraction, and also to the reduced effect of the plantar pump (which involves only the 10% of blood departing from the foot), and to the greater flow resistance (Figure 3.1).

[image: V123]
Figure 3.1. Decreasing velocities from N1 to N3, due primarily to the lesser transfer of energy from muscle contraction to the superficial vessels In A the Doppler sample is placed in the femoral vein (N1), in B in the saphenous vein (N2), and in C in the tributaries of the sapheno-femoral junction (N3). 
At the level of the collaterals the effect of the pump is minimal, and it is completely absent at the level of the dermal plexuses, where there is only residual venular pressure. The average flow velocity is 0.05 cm/sec in the plexuses, 10-20 cm/sec in the saphenous trunks, and 20-40 cm/sec in the deep veins.
Figure 3.1 illustrates Doppler measurement of flow velocity as sampled in the N3 compartment (Figure 3.1 C), in the GSV (Figure 3.1 B) and the adjacent femoral vein (Figure 3.1 A) during muscular systole. Since the peak systolic velocity recorded in the femoral vein is at least twice as great in the GSV and more again as great in the N3 compartment a gradient is generated that causes the hierarchical emptying from N3 to N1.


3. The Hierarchy of Compartment Emptying

An unwritten but certainly not unimportant law is that which regulates the order of blood drainage and emptying in the various compartments of the venous system of the lower limbs. The emptying of the compartments, as explained in chapter 2 takes place by means of energy gradients that are activated during muscular systole. 
Muscle contraction applies different amounts of energy to compartments AC1, AC2, and AC3, depending on their anatomical organization and their connections to muscular fasciae. 
Muscle contraction brings about an energy application that is converted into levels of kinetic energy that differ in the respective compartments, as described in the preceding paragraph (Figure 3.2).

[image: Pinza]
Figure 3.2. A) N2 compartment in absence of muscular activity and B) in muscular systole as an example of energy transfer through a “pliers-like” effect of the fasciae.
The different energy levels in the three compartments determine the hierarchy of emptying, so that compartment AC3 can empty into both compartments AC2 and AC1, while compartment AC2 can empty only into compartment AC1 (Figure 3.3, Figure 3.4a). 
Whenever the hierarchical order of emptying is subverted, there exists a pathological situation due to a condition that annuls the physiological energy gradients. This concept is very important since it guides conservative and hemodynamic therapies that are aimed at restoring the emptying hierarchies (Figure 3.3b).
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Figure 3.3. The hierarchy of compartment emptying, where N3 can empty into both N2 and N1, while N2 can empty only into compartment N1.
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Figure 3.4. A) The hierarchy of compartment emptying. B) The hierarchical order of emptying subversion in a frequent condition of chronic venous disease.
It should be emphasized that, according to this novel concept, even a drainage inversion from compartment AC2 to compartment AC3 is considered pathological. In the traditional anatomical concept, the superficial system is considered as one unit, not being subdivided by the superficial fascia into the two compartments that we have identified. 
Consequently, superficial refluxes are considered to be all the same, which leads to the loss of many diagnostic details that aid in identifying venous shunts, which we will learn about in the following chapters.


4. Venous Return in Muscolar Diastole

During muscular relaxation there occurs, at a deep level, a drop in pressure, the magnitude of which depends on whether the veins considered are intermuscular or intramuscular [26,59,78,135,183-184,193]. 
The latter, in fact, collapse completely upon muscle contraction, and so, upon muscle relaxation, they act as “sponges,” exerting an aspiration effect upon the blood contained in the nearby veins, be they superficial or deep. As for intermuscular veins (tibial-popliteal-femoral axis), which do not collapse completely upon muscular contraction but rather decrease in caliber, the pressure drop upon relaxation is minor. Nevertheless, at the end of the contraction (telesystole), there occurs an antidromic gravitational gradient, relative to the above-standing hematic column, with a consequent closure of the valvular planes. 
At the level of the superficial circle, the saphenous trunks act in the same way as the deep intermuscular veins. 
Under physiological conditions, the distance between the valvular planes of the superficial distal network is decidedly greater than that of the deep vessels [14,17,27,28,234]. Thus, at the level of the leg during movement, hydrostatic columns are formed that are higher in the superficial network, with a consequent gradient directed toward the deep vessels (Figure 2.5). In accordance with the so-called principle of communicating vessels, there is blood flow from the superficial network towards the deep circle through the perforating veins. 
The flow induced by this gradient in the superficial network, provided only to those segments having perforations, is not generally detectable by Doppler testing, probably because the velocities attained are less than 6 cm/sec.
About 25 seconds after the end of muscular contraction, in the absence of successive contractions, a pressor equilibrium is reached between the superficial and deep veins, in relation to the opening of the valves in all of the districts, perforating included, and the system returns to basal conditions again [135,193].
In order to reach this equilibrium, it is indispensable that the subject remain perfectly still, but such a situation, in orthostatism, is more theoretical than real. In fact, a few oscillations are sufficient to lower the filling pressure in the superficial network. This demonstrates that the flows entering the superficial venous system are physiologically much smaller than the flows exiting towards the deep venous network. In other words, the system presents a basic equilibrium that is actually unbalanced in aspiration, thereby creating its own functional reserve.



5. The Five Phases of Venous Return in Accordance to Muscular Pump

To summarize the subject of superficial venous network drainage, we can identify, from a hemodynamic point of view, five phases, three of which are hydrostatic, and two of which are hydrodynamic:
a) telediastolic (end-diastolic) phase, the instantaneous hydrostatic phase that immediately precedes muscular contraction;
b) systolic phase, the hydrodynamic phase during which occurs drainage of the superficial network towards the deep vessels and towards the center;
c) telesystolic phase, the instantaneous hydrostatic phase that immediately precedes muscular relaxation; 
d) diastolic phase, the hydrodynamic phase during which occurs diastolic drainage from the superficial network towards the deep vessels, though not at a velocity detectable by Doppler; and 
e) equilibrium phase, the hydrostatic phase during which the system is in basal conditions. 
As regards the pressure that acts upon the venous walls, that is, lateral pressure, we recall that in the hydrostatic phases the systemic energy is all of the potential type, pressor and gravitational, and there exists no component of kinetic energy. In keeping with Bernoulli’s theorem, the lateral pressure is, therefore, maximal. In the hydrodynamic phases, instead, the systemic energy is represented by both components. In accordance with Bernoulli’s theorem, lateral pressure is, therefore, inversely proportional to flow velocity, and thus lower in the deep venous system. 


6. The Establishment of Flow

As discussed above, the establishment of flow, regardless of its direction, depends upon the contemporary presence of two factors: 
a) an energy gradient, generally of the pressor type; and
b) system compliance, so that the gradient applied can last for the time necessary to overcome inertia and start the flow.
Physiologically, the saphenous trunks present, according to the principle of communicating vessels, a retrograde segmental emptying in the diastolic phase. However, this retrograde flow is not detectable by Doppler, probably because the superficial hydrostatic columns, though larger than the deep ones, are not very high due to the continence of the valvular planes. Therefore, the flow velocities attained are modest.
What happens in the case of valve incontinence? The hydrostatic column can reach such a height that it induces a gradient able to cause, compatibly with the compliance of the system, a diastolic retrograde flow of high velocity, and thus Doppler-detectable [58,102,129,146,151,152,172]. 
The compliance of a hollow system, as previously stated, depends on the physical characteristics of the material of which it is made, on its geometric characteristics, and on its degree of filling. 
As for the physical characteristics, the saphenic faces behave as if they were constructed of a relatively rigid material due to the reinforcing layer created by the splitting of the muscular fasciae.
As regards the geometric characteristics, since veins are tube-shaped, compliance is correlated primarily to the length of the valveless segment.
Finally, as for the degree of filling, the compliance of the venous system presents a double-phased pattern: at low volumes, when the system is empty, compliance is high; at high volumes, when the system is full, compliance is low.
This being a hydrodynamic system because blood circulates in the veins, the degree of filling is correlated to two categories of factors:
a) the initial volume, essentially in relation to the posture of the subject: in standing, the degree of filling is maximal; in supine it is modest; and with the legs raised, it is practically zero.
b) the relation between entering flow and exiting flow, essentially correlated to the presence of an escape point in the system: if the system does not have escape points, the compliance is very low because it fills up immediately; if, instead, the system has an escape point, the compliance is very high because it can empty continually.


7. Reflux and Re-Entry

The escape point, that is, the connection between the venous segment that is the source of the diastolic retrograde flow and the vessel destined to receive it, constitutes the system’s re-entry of retrograde flow [14,28,30,49,53-54,100-105,234,252,255-256,260,270,278,282]. 
The concept of re-entry does not include only the strictly anatomical aspect, that is, the connection between two vessels. The hemodynamic aspect must also be included, that is, the existence of a re-entry gradient that, for retrograde flows, is nothing other than an increment in the already illustrated, physiological antidromic gravitational gradient that causes diastolic drainage of the superficial network. 
Obviously, the creation of a gradient between two vessels presumes that one of the two (that destined to receive the retrograde flow) presents lower pressor values as a consequence of fragmentation of the hydrostatic column on the part of functioning valvular apparatus. 
In fact, if this were not the case, hydrostatic columns of different heights could not be created, and consequently there would be no gradients (Figure 3.6 A,B). 
Once the presence of a reflux at the level of the superficial aces has been ascertained by echo-Doppler, the hemodynamic significance must be determined. First of all, how do we define reflux? A reflux is a flow that is inverted with respect to the physiological direction. Thus, it is a centrifugal flow directed away from the heart when we consider the axial vessels in compartments AC1, AC2, and AC3, and a flow directed toward the surface when we consider a perforating vein. 
We must remember that venous drainage of the lower limbs occurs from the plexuses to the superficial collaterals of compartment AC3, from these towards the saphenous systems (AC2), and finally from the latter towards the deep venous circle (AC1), or even directly from the collaterals (AC3) to the deep venous circle (AC1). 
The described course constitutes normal venous drainage of the lower limbs. If, in the normal hierarchical order of drainage through the various compartments, there is a vessel that runs longitudinally with incontinent valvular apparatus, it is possible to find a diastolic retrograde reflux at that level. This example represents a reflux with an escape point, if we define an escape point as the point in which there is a jump between compartments that subverts the hierarchical order of emptying. In this case, we can document the presence of a retrograde flow or reflux although the blood from AC1 or AC2 does not shunt into the AC3 compartment in which we have observed the phenomenon. Cases of this type are commonly described even in limbs that are nonpathological or in particular functional moments, e.g., following prolonged orthostatism, at the end of a hot summer day, etc. Some studies report its common occurrence even among surgeons and operating room personnel, but this does not render it synonymous with illness.
If, instead, even the flow coming from an anomalous rise in compartment contributes to the induction of diastolic reflux, that is, an inversed direction with respect to the normal hierarchical order of emptying (for example, AC1->AC2 or AC1->AC3 or AC2->AC3), the detected reflux is an expression of the presence of a reflux with an escape point and thus should be considered pathological (Figure 3.5).

[image: 3]
Figure 3.5. A reflux is a flow that is inverted with respect to the physiological direction and lasting more than 0.5 seconds.
As with the re-entry concept, the reflux concept includes not only the strictly anatomical aspect, that is, the existence of the “reflux point,” which represents the obviously incontinent connection between two vessels, but also the hemodynamic aspect, that is, the existence of a reflux gradient, in this case diastolic. The rise in compartment (e.g., from the femoral to the saphena, AC1->AC2) can occur either because the deep pressure increases, as happens during the Valsalva maneuver, or because the superficial pressure decreases. In the latter case, the gradient occurs due to the combined action of two mechanisms. The first mechanism is represented by the already illustrated re-entry gradient that primes retrograde flow. The second is represented by the reduction in lateral pressure that follows an increase in retrograde flow velocity. In other words, once the retrograde flow is primed by the re-entry gradient, the consequent pressor drop sets the stage for the development of a gradient between the refluxing vessel and the vessel that feeds the retrograde flow. 
Diastolic reflux occurs with analogous mechanisms, both at the level of the primary reflux point (that most proximal in the circle of the reflux system) and at the level of the secondary reflux points (those more distal). 
It must be emphasized that a system having reflux is subject to hemodynamic overloading because it receives not only the quantity of blood coming from its tributary territory due to normal flow, but also the quantity of blood that comes from the hierarchically deeper compartment. The refilling pressures of such a system are high as a result, and this limits significantly the normal flow in the tributary territories. 
Therefore, chronic venous insufficiency is to be considered hemodynamically as an “outflow pathology” because of the obstacles to outflow in the territories affected by reflux phenomena.

[image: 3]
Figure 3.6. Re-entry flow into the deep venous system via perforating veins A) An example of re-entry focused on N2 and B) on N3. This finding determines different venous-venous type shunts and different CHIVA strategies (see chapter 9-10).

8. Privete Circulation

The term “private circulation” identifies a vicious cycle of blood between superficial and deep networks, or even in only the superficial, that occurs in cases where a reflux and a re-entry are present contemporarily and the quantity of blood that refluxes during the muscular relaxation phase returns to the reflux point during the successive phase of muscular contraction [14,17,105,234,238].
Echo-Doppler studies of patients affected by varicose veins have shown, keeping in mind that in every case there is the presence of a re-entry, that the hemodynamic picture can be referable to one of the following situations:
a) refluxes associated with private circulations in the overwhelming majority of cases (more than 90%); or
b) absence of reflux, and therefore absence of private circulation, represented by the so-called outflow varices that are found in the segmentary incontinences of the saphenous collaterals that do not involve the origin of the collateral (if the latter were also incontinent, there would exist a compartment jump R2->R3 and therefore a reflux) and in those cases of post-stripping recidivism that do not present reflux points in the deep circle. Private circulations have been classified as Franceschi’s shunt due to their course, that is, based on the compartments involved and will be described in the next chapter.
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