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Preface

Venous valves rank among the smallest and most delicate organs of
the human and animal bodies - so why devote an entire book to
them? We were induced to do so by several reasons. First of all we
would point out the clinical significance of venous valves. In the
pathogenesis of a number of widespread diseases, such as varicose
veins or the post-thrombotic syndrome, venous valves are involved as
the underlying cause or at least a factor contributory to the
symptoms. According to Taheri et al. these venous diseases occur ten
times more frequently than arterial obliterations. Incompetence of
venous valves also plays a causal role in varicocele, the most frequent
cause of male infertility.

But not only pathogenetic reasons induced us to write this book. In
more recent times there has been a growing tendency to reconstruct
functional valve disorders therapeutically; several surgical methods
have been developed, which are critically reviewed in this book.

It was our aim to sum up existing knowledge with respect to
structure and function of venous valves and to expand that knowl-
edge by findings of our own. Examinations of semi-thin sections and
unilayered en-face preparations have hardly been published so far,
and systematic studies of the ultrastructure by electron-microscopy
were not to be found in the literature. We are very grateful, therefore,
to Dr. Silvana Geleff for having undertaken such a study upon our
suggestion.

In the discussion of the function of venous valves we particularly
dealt with the results of venous pressure measurement. The method
of photoplethysmography is also described and evaluated.

Many questions concerning the pathologic function of venous
valves are still unsolved or controversial. Our aim is not to propagate
our own views but to review controversial opinions critically.

The authors feel highly indebted to “Schweizerische Gesellschaft
fir Phlebologie” for a generous contribution that has made the
publication of this book possible.

The Authors
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Part I. History



According to Franklin (1927) three authors may have first discovered
venous valves. Franklin argues for the claim made on behalf of Gian
Battista Canano. That claim was supported by Morgagni, Haller and,
in this century, by Streeter (1925). Canano was a professor of anatomy
at Ferrara; he often met Vesalius and reported to him that he had
found valves in the azygous vein, in renal veins and in veins of the
sacral region. Canano did not publish his findings himself; the
publication was made by Amatus Lusitanus (who also lived in
Ferrara) (1551). Amatus, however, erroneously assumed that the
valves served the purpose of forming an obstacle to the bloodflow
from the azygous vein into the caval vein. He also quoted Canano in
that respect. The error made Amatus the object of much ridicule so
that (according to Franklin, 1927) venous valve research suffered a
setback of several years.

Another potential discoverer of venous valves may be seen in
Charles Estienne (1545), who found what he called ‘“‘apophyses
membranarum” in liver veins. Charles Estienne already considered
venous valves a means of preventing backflow of blood analogously
to the function of cardiac valves.

As a third potential discoverer Jacobus Sylvius must be listed, who
found valves in the region of the mouth of the azygous junction.
Sylvius lived from 1478 to 1555. In his posthumously published work
“Isagoge Anatomica” (1555) he describes valves at the mouth of the
azygous as well as in other major veins (jugular vein, brachial vein,
crural veins) and in the trunk of the caval vein, where the vessel
leaves the liver (!).

It appears that these findings were forgotten so that one may justly
consider Hieronymus Fabricius of Aquapendente the actual discoverer,
who in his 24-page volume ““De Venarum Ostiolis” (1603) published
a correct description of venous valves. Aquapendente (1537-1619) was
a teacher of anatomy at the University of Padua.

Characteristic drawings from Aquapendente’s work are shown in
Figs. 1 and 2.

It is true that Galen already had knowledge of cusp-shaped
semilunar structures in the lumen of veins. Some anatomists men-
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tioned valves already before Aquapendente. Aquapendente’s work,
however, is so clear and fundamental a description that we may well
leave his predecessors to the mist of prehistory. Aquapendente clearly
realized the regulatory function of venous valves. Thinking still
within the concept of Galen’s physiology of circulation, however, he
assumed that it was the function of venous valves to ‘“moderate
excessive congestion of blood”. Knowing that William Harvey was in
Padua shortly before the printing of the small book on valves, we may
safely assume that he knew his teacher’s work*.

Fig. 1. Valves of the distal long saphenous vein (from Aquapendente)

It is interesting in this respect that, according to a note written
down in 1688 (i.e. after Harvey’s death) by British scholar Robert

* We are grateful to Prof. Dr. Hach, Medical Director of William Harvey
Clinic, Bad Nauheim, and Prof. Dr. Platzer, Head of the Institute of
Anatomy at the University of Innsbruck, for having made available to us the
original books mentioned here.
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Boyle (1627-1691), who was a friend of Harvey’s during the years
preceding his death, venous valves were of particular significance in
the formation of his new concept of the circulatory system. Following
Galen’s concept, their structure was hard to explain indeed. William
Harvey, born on April 1, 1578, in Folkstone at the Channel, published

Fig. 2. Valves of a leg vein (from Aquapendente)

(Wilhelm Fitzer Press, Frankfurt am Main) a small book of 72 pages:
‘“Exercitatio anatomica de motu cordis et sanguinis in animalibus”
(Anatomic Treatise on the Motion of the Heart and the Blood in
Animals).

This 72-page booklet contains our modern concept of the circula-
tory system and is comparable to no other work than Galilei’s in
physics. With it the Modern Age of Medicine began. The views Galen
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had held on the circulatory system were definitely revised. For that
reason we would like to quote Harvey in his own words.

(Anonymous English translation, published by G. Moreton,
42 Burgate St., Canterbury, 1894.)

“The celebrated Hieronymus Fabricius of Aquapendente, a most
skilful anatomist, and venerable old man, or, as the learned Riolan
will have it, Jacobus Silvius, first gave representations of the valves in
the veins, which consists of raised or loose portions of the inner
membranes of these vessels, of extreme delicacy, and a sigmoid or
semilunar shape. They are situated at different distances from each
other, and diversely in different individuals; they are connate at the
sides of the veins; they are directed upwards or towards the trunks of
the veins; the two - for there are for the most part two together —
regard each other, mutually touch, and are so ready to come into
contact by their edges, that if anything attempt to pass from the
trunks into the branches of the veins, or from the greater vessels into
the less, they completely prevent it; they are further so arranged, that
the horns of those that succeed are opposite the middle of the
convexity of those that precede, and so on alternately.

The discoverer of these valves did not rightly understand their use,
nor have succeeding anatomists added anything to our knowledge:
for their office is by no means explained when we are told that it is to
hinder the blood, by its weight, from all flowing into inferior parts;
for the edges of the valves in the jugular veins hang downwards, and
are so contrived that they prevent the blood from rising upwards; the
valves, in a word, do not invariably look upwards, but always towards
the trunks of the veins, invariably towards the seat of the heart. I, and
indeed others, have sometimes found valves in the emulgent veins,
and in those of the mesentery, the edges of which were directed
towards the vena cava and vena portae. Let it be added that there are
no valves in the arteries, and that dogs, oxen, etc. have invariably
valves at the divisions of their crural veins, in the veins that meet
towards the top of the os sacrum, and in those branches which come
from the haunches, in which no such effect of gravity from the erect
position was to be apprehended. Neither are there valves in the
jugular veins for the purpose of guarding against apoplexy, as some
have said; because in sleep the head is more apt to be influenced by
the contents of the carotid arteries. Neither are the valves present, in
order that the blood may be retained in the divarications or smaller
trunks and minuter branches, and not be suffered to flow entirely into
the more open and capacious channels; for they occur where there
are no divarications: although it must be acknowledged that they are
most frequent at the points where branches joint. Neither do they
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exist for the purpose of rendering the current of blood more slow
from the centre of the body; for it seems likely that the blood would
be disposed to flow with sufficient slowness of its own accord, as it
would have to pass from larger into continually smaller vessels, being
separated from the mass and fountain head, and attaining from
warmer into colder places.

But the valves are solely made and instituted lest the blood should
pass from the greater into the lesser veins, and either rupture them or
cause them to become varicose; lest, instead of advancing from the
extreme to the central parts of the body, the blood should rather
proceed along the veins from the centre to the extremities; but the
delicate valves, while they readily open in the right direction, entirely
prevent all such contrary movement, being so situated and arranged,
that if anything escapes, or is less perfectly obstructed by the cornua
of the one above, the fluid passing, as it were, by the chinks between
the cornua, it is immediately received on the convexity of the one
beneath, which is placed transversely with reference to the former,
and so is effectually hindered from getting any further.

And this I have frequently experienced in my dissections of the
veins: if I attempted to pass a probe from the trunk of the veins into
one of the smaller branches, whatever care I took I found it
impossible to introduce it far any way, by reason of the valves; whilst,
on the contrary, it was most easy to push it along in the opposite
direction, from without inwards, or from the branches towards the
trunks and roots. In many places two valves are so placed and fitted,
that when raised they come exactly together in the middle of the vein,
and are there united by the contact of their margins; and so accurate
is the adaptation, that neither by the eye nor by any other means of
examination, can the slightest chink along the line of contact be
perceived. But if the probe be now introduced from the extreme
towards the more central parts, the valves, like the floodgates of a
river, give way, and are most readily pushed aside. The effect of this
arrangement plainly is to prevent all movement of the blood from the
heart and vena cava, whether it be upwards towards the head, or
downwards towards the feet, or to either side towards the arms, not a
drop can pass; all movement of the blood, beginning in the larger and
tending towards the smaller veins, is opposed and resisted by them;
whilst the movement that proceeds from the lesser to end in the larger
branches is favoured, or, at all events, a free and open passage is left
for it.

But that this truth may be made the more apparent, let an arm be
tied up above the elbow as if for phlebotomy (A, A, Fig. 1). At
intervals in the course of the veins, especially in labouring people and
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those whose veins are large, certain knots or elevations (B, C, D, E, F)
will be perceived, and this not only at the places where a branch is
received (E, F), but also where none enters (C, D): these knots or
risings are all formed by valves, which thus show themselves
externally. And now if you press the blood from the space above one
of the valves, from H to O, (Fig. 2) and keep the point of a finger
upon the vein inferiorly, you will see no influx of blood from above;
the portion of the vein between the point of the finger and the valve O
will be obliterated; yet will the vessel continue sufficiently distended

Fig. 3

Figs. 3 and 4. The only two illustrations contained in Harvey’s “The Motion
of the Heart and the Blood”. In the experiment during which the lower arm
is constricted, the venous valves are caused to protrude

above that valve (O, G). The blood being thus pressed out, and the
vein emptied, if you now apply a finger of the other hand upon the
distended part of the vein above the valve O (Fig.3,) and press
downwards, you will find that you cannot force the blood through or
beyond the valve; but the greater effort you use, you will only see the
portion of vein that is between the finger and the valve become more
distended, that portion of the vein which is below the valve remaining
all the while empty (H, O, Fig. 3).

It would therefore appear that the function of the valves in the
veins is the same as that of the three sigmoid valves which we find at
the commencement of the aorta and pulmonary artery, viz., to prevent
all reflux of the blood that is passing over them.

Further, the arm being bound as before, and the veins looking full
and distended, if you press at one part in the course of a vein with the
point of a finger (L, Fig. 4), and then with another finger streak the
blood upwards beyond the next valve (N), you will perceive that this
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Fig. 4

portion of the vein continues empty (L, N) and that the blood cannot
retrograde, precisely as we have already seen the case to be in Fig. 2;
but the finger first applied (H, Fig.2, L, Fig. 4), being removed,
immediately the vein is filled from below, and the arm becomes as it
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appears at D, C, Fig. 1. That the blood in the veins therefore proceeds
from inferior or more remote to superior parts and towards the heart,
moving in these vessels in this and not in the contrary direction,
appears most obviously. And although in some places the valves, by
not acting with such perfect accuracy, or where there is but a single
valve, do not seem totally to prevent the passage of the blood from
the centre, still the greater number of them plainly do so; and then,
where things appear contrived more negligently, this is compensated
either by the more frequent occurrence or more perfect action of the
succeeding valves, or in some other way: the veins, in short, as they
are the free and open conduits of the blood returning fo the heart, so
are they effectually prevented from serving as its channels of
distribution from the heart.

But this other circumstance has to be noted: The arm being bound,
and the veins made turgid, and the valves prominent, as before, apply
the thumb or finger over a vein in the situation of one of the valves in
such a way as to compress it, and prevent any blood from passing
upwards from the hand; then, with a finger of the other hand, streak
the blood in the vein upwards till it has passed the next valve above
(N, Fig. 4), the vessel now remains empty; but the finger at L being
removed for an instant, the vein is immediately filled from below;
apply the finger again, and having in the same manner streaked the
blood upwards, again remove the finger below, and again the vessel
becomes distended as before; and this repeat, say a thousand times,
in a short space of time. And now compute the quantity of blood
which you have thus pressed up beyond the valve, and then
multiplying the assumed quantity by one thousand, you will find that
so much blood has passed through a certain portion of the vessel;
and I do now believe that you will find yourself convinced of the
circulation of the blood, and of its rapid movement. But if in this
experiment you will say that a violence is done to Nature, I do not
doubt but that, if you proceed in the same way, only taking as great a
length of vein as possible, and merely remark with rapidity at which
the blood flows upwards, and fills the vessel from below, you will
come to the same conclusion.”

Summary Part 1

By his life and work modern physiologic medicine based on experiment
began. In particular, Harvey clarified the function of venous valves.
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Embryology of Venous Valves

The embryologic development of venous valves was investigated by
Jdger (1926) as well as by Kampmeier and La Fleur Birch (1926-1927).
In the jugular veins of pig embryos with head-to-coccyx sizes ranging
from between 74 and 83 mm, Jdger found incipient bulgings of the
lumen which constitute the preliminary stage of venous valves.

Kampmeier and La Fleur Birch studied human embryos. In the
region of the sapheno-femoral junction they found the earliest traces
of venous valves in embryos at 3.5 months. Towards the end of the
fifth month a substantial number of venous valves could be found.

According to Rickenbacher (1966) the valves originate concurrently
with the differentiation of the media in the endothelial tubes, which
are devoid of any muscular layer up to this time.

Kampmeier and Birch divided the development of venous valves
into five phases:

1. The first sign of an emerging venous valve is a thickening of the
endothelium, which at this stage is largely inconspicuous and forms a
pair of ridges placed transversely to the axis of the vessel. When these
twin-ridges increase in size and touch each other, a ringlike structure
evolves (Figs. 5 and 6).

2. Invaded by the mesenchyma situated below, the endothelial
anlage grows; at the same time the vessel bulges out leeward of the
valvular anlage.

3. The evolving valve directs itself toward the lee, the bulge on the
upstream side of the valvular anlage increases, the outline becomes
crescentic.

4. The valvular sac gains in capacity, the free edge of the valvular
cusp widens to nodular shape, an effect which is caused by active
involvement of the local mesenchyma.

5. The venous wall thins down considerably in the region of the
valvular sinus; this process of thinning occurs mainly at the expense
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Fig. 5. Diagram of the development of a bicuspid valve. I-IV Phases I-1V
as observed between the 3.5th and 5th fetal month. V state at full term.
{From: Kampmeier and Birch, Amer. J. Anat. 38 (1936/37)]

Fig. 6. Anlage of venous valve in internal saphenous vein (vsm), phase I.
tentering tributary. va valval anlage. [From: Kampmeier and Birch, Amer. J.
Anat. 38 (1936/37)]
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of the media, the remaining thickness of which is only one fifth of
that observed in other regions of the vessel. In particular, the circular
muscles become weaker. The thickening of the cusp margin observed
in phase (4) disappears; a valve with clear-cut valvular function has
come into existence (Fig. 5).

Jdger (1926) discusses the question of whether the development of
the valvular anlage might be attributable to physical factors. It is to be
assumed that certain turbulences will arise at the entrance of a small
vein into a larger one or at the junction of two veins of equal
diameter. Jdger, however, was unable to prove the existence of such
turbulences through his model experiments. Aschoff (1912) ascribes a
decisive role in the development of thromboses to these turbulences.
In the presence of two obstacles projecting into the lumen in an
oblique manner (Fig. 7) three eddies will form - one in front of the
obstacle and two behind it.

Fig. 7. Formation vortices in front of and behind oblique obstacles.
L. Aschoff pointed out such turbulences as a possible cause of thrombosis.
According to Jdger (1926)

However, it is to be emphasized that due to its smoothness and
pliancy a sound venous valve will not be too capable of causing such
turbulences. Instead, it will float passively in the bloodstream,
yielding easily to all impulses of the current.

More recently, however, Karino and Motomiya (1982), studied the
flow patterns in the pockets of venous valves, using isolated
transparent dog saphenous veins and cinemicrographic techniques.
Large paired vortices on both sides of the bisector plane of the valve
leaflets were present in each valve pocket. Particles entered the valve
pockets, described a series of spiral orbits of decreasing diameter and
after long periods of time left the vortex, rejoining the main stream of
the vein. A second, smaller, counter-rotating vortex was found deep
in each valve pocket. The hematocrit in this secondary vortex was
considerably lower than in the main stream of the vein.
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Occurrence and Distribution of Venous Valves

A. General

Valves situated outside the venous system, such as cardiac or
lymphatic valves, will not be dealt with in this book.

Still, we would not leave unmentioned here that there are also valve-like
structures in arteries. Wagenvoort (1954) somewhat hesitatingly calls them
“arterial aggers” but Shanklin and Azam (1963) refer to the presence of
“valves” in cerebral arteries of rats. A histological comparison between
arterial and venous valves was made by Bock (1975). Other than venous
valves, arterial valves do contain smooth muscle cells, the basal membranes
of which are in contact with the endothelial cells. In venous valves on the
other hand we find an ample supply of collagenous fibrils, which - just as
elastic material — have not been proved to be present in arterial valves.

In animals we find venous valves in amphibians, such as frogs
(Suchard, 1907). In birds venous valves occur less frequently than in
human beings; the distribution of venous valves in domestic animals
is approximately equal to that in humans (Ellenberger and Baum,
1908).

In his classic novel “Moby Dick” Melville (1851) states that whales
do not have venous valves. If injured, whales will lose blood
extremely fast and in vast quantities.

Williams (1954) made a comparative study on the occurrence of
valves in the veins of the extremities of monkeys, dogs and cats. Dogs
were found to have the most venous valves, occurring more
frequently in the superficial veins than in the deep ones.

According to Franklin (1927) valves do not occur in veins with a
diameter of less than 1 mm. Dzillas (1949), however, describes valves
in postcapillary veins with diameters from 20 to 145 um. His findings
are fully confirmed by Spalteholz and Rulffs (1958) as well as by other
authors.
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The superior and inferior caval veins are without valves. According
to Keith (1907), these veins, along with the anonymous vein, the
hepatic and renal veins, and the iliac veins, serve as a reservoir with a
capacity of some 430 ml, which is of great importance for regulation
of the circulatory homoiostasis.

The first venous valve cranial from the heart is found in the
subclavian and internal jugular veins, not far from their confluence,
which forms the anonymous vein. These valves have a certain
importance in connection with infusion therapy. If the tip of an
intravenous catheter is located on the cardiac side of these valves, the
valves will close during the infusion, and the infused volume will
reach the heart faster than if the application were made more
cranially. For that reason Schaeffer (1973) called these veins “border
valves” (“‘Grenzklappen™).

Franklin (1969) describes a rudimentary unicuspid valve in the caval vein
of humans, shortly below the entrance of a renal vein - undoubtedly a rarity.

In contrast to the clinical significance of leg and pelvic veins, the
clinical significance of the valves in the branches of the superior
caval vein is rather modest. For that reason we will mainly discuss
those veins which drain the blood from the lower extremities. These
valves are without doubt of the highest clinical importance. In
addition thereto the valves of the internal spermatic veins are an
important contributary factor of the development and treatment of
male infertility (see pp. 122-127).

B. Leg and Pelvic Veins

The valves of leg and pelvic veins have been studied to great extent
for their important role in connection with diseases of the legs caused
by venous malfunction. Reports of varying comprehensiveness have
been published by Eger and Caspar (1943), Eger and Wagner (1949),
Powell and Lynn (1951), Basmajian (1952), Lindvall and Lodin (1961),
Ludbrook (1968), Reagan and Folse (1971), May and Nissl (1973),
Staubesand (1979), and May (1982).

a) Distribution of Valves in Various Leg Veins

We would emphasize some important aspects:

1. Frequency of occurrence of venous valves: Despite a great number
of more recent works, the scheme established by Ludbrook (1968) has
lost nothing of its validity.



18 Occurrence and Distribution of Venous Valves

Fig. 8. Diagram of the venous system of the leg

Average Occurrence of Valves in Deep Veins

External iliac vein and common femoral vein (above sapheno-femoral

JUNCHIOM) o v ettt ettt et e e e e e 1

(in 35 to 80%)
Femoral vein (below sapheno-femoral junction) . ................... 3
Popliteal vein . ... ...t 1
Posteriortibial vein . .. ... ... i e e 19
Anteriortibial vein ........ ... . i e 11
Peroneal vein . ... ... i e e e e 10

The valves of the gastrocnemic veins and the veins of the soleous
muscle are subject to considerable variations. Typically, these veins
are provided with an abundance of valves, which in the majority of
cases will degenerate starting at age 30.

Superficial Veins

Longsaphenous vein . ........c..ouinineniinnininnnenenenen, 7-9
Short saphenous vein ........ ...ttt 8
Communicating VEINS . . . ... itti ettt ettt et 2-3
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2. The distance between valves in the deep veins is invariably
shorter than in the superficial veins. In the superficial veins of the
shank the distance is an average of 40 mm, in the deep veins 22 mm.
This is important from a functional point of view, as the correct
direction of the bloodflow from the surface into the deep venous
system is thereby warranted.

3. The directional alignment of the valves in the perforating veins
serves to ensure a unidirectional bloodflow from the superficial into
the deep veins.

4. The perforating veins of the foot, in contrast, are either devoid of
valves or provided with only one valve. This valve is aligned in such a
way so as to allow the blood - other than as is the case in the leg - to
flow physiologically, from the deep into the superficial veins (Lofgren
et al., 1968).

5. Number of valval cusps: As a rule, the valves are bicuspid. The
highly important valve distal to the sapheno-femoral junction is often
tricuspid.

6. The inferior caval vein is devoid of valves. Valves in the common
iliac vein are rare findings (for a compilatory statistics consult
Lindvall and Lodin, 1961). Above the sapheno-femoral junction
valves are missing in 20 to 24% of cases (compilatory statistics
according to Reagan and Folse, 1971).

7. Valves in superficial veins: In view of the fact that the most
exhaustive work in this field is that of Raivio (1948), we will
completely rely on his monography, neglecting a fair number of other
authors.

8. Long saphenous vein: In the region of the thigh there are
3.5 valves on an average, in that of the lower leg 4 valves. In the
region of the foot there are some 8 valves. The most important
superficial valve is located slightly below the sapheno-femoral
junction. According to Cotton (1961), the uppermost valve, located
immediately at the entrance into the femoral vein, is an ostial valve.
He refers to it as the “terminal valve”. Some 5 cm further distal there
is another valve, which Cotton refers to as the “subterminal valve”
(Fig. 9, p. 26).

9. Short saphenous vein: 8.2 valves on an average.

10. Perforating veins: According to Raivio (1948) an average of 75%
possesses valves. Raivio gives the figure 1-5 for the number of valves
per perforating vein. Through comprehensive studies Pirner (1956)
arrives at the following results: In all perforating veins dissected
(obviously taken from phlebologically healthy subjects) there was
evidence of valves, the maximum number being 3. If no more than
one valve was found, is was located slightly before the junction with
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the deep system. Outside the muscular fascia, valves were invariably
missing in perforating veins. No other than bicuspid valves were
found. In many cases the perforating veins had branched out.

b) Lawful Regularity of Distribution (‘‘Klappengesetze’’)

In 1880 Bardeleben laid down two so-called “laws” (*‘Klappenge-
setze”) that have been quoted time and again in specialized literature.

1. A valve lies distal to every tributary and conversely there is a
tributary-entry proximal to every valve.

2. The distance between valves invariably is a figure constant in
each individual or a multiple thereof’; the basic figure depends on the
height, or rather limb-length, of the individual.

Bardeleben’s assertions soon were vehemently contested by Braune
(1889), Klotz (1887), Friedrich(1882), and Meriel (1926). Ever since the
conclusive investigations by Berutsen (1925, 1927) and Lanz and
Wachsmuth (1938) we may say that Bardeleben’s “‘laws’ have become
untenable.

Bardeleben (1880) also maintained that the valves, whose occur-
rence was constant in fetal life, atrophied at a very early stage so that
in 70-year-old adults merely 19% of the valves originally present were
found. This was confirmed by Klotz (1887), Hochstetter (1887), Lanz
and Wachsmuth (1938) and others. All these much-disputed questions
may be said to have been conclusively answered by the comparatively
more recent studies of Raivio (1948), Powell and Lynn (1951), Jdger
(1926), Kampmeier and Carrol (1927), Williams (1954), Saphir and Lev
(1952), Luke (1941), Basmajian (1952), and Staubesand and Rulffs
(1958).

¢) Do Venous Valves Perish During Post-fetal Life?

The assertion put forward by Bardeleben in 1880 stating that the
venous valves developed during fetal life atrophied at a very early
stage — so that no more than some 19% of the valves originally present
would be found in a 70-year old adult - has become untenable in the
form laid down. According to Powell and Lynn (1951) the reduction
of valves is due to thromboses of the valvular sinus, whose course
passes by unnoticed and whose occurrence is much more frequent
than formerly supposed. On the other hand, Leu et al. (1979) have
denied altogether that venous valves perish during post-fetal life and
refused to regard venous valves as a primary factor in the develop-
ment of varicosis.
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These conflicting views may be brought to a common denominator
if one compares the methods by which the authors arrived at their
respective conclusions.

Klotz (1887) dissected internal saphenous veins from the distal side
of the ankle to the junction with the femoral vein, examining the
competence of proximal valves first by filling water into the vein in
retrograde direction by means of a cannula. He evaluated the
capability of valve-closing according to the respective degree of
swelling of the vessel. Thereafter the vessel was cut open and the
valve examined macroscopically. The procedure of function testing
was then continued on the next valve in distal direction. The results
of that combined method of examination are summed up in the
following table (Table 1).

Table 1. Results of Klotz’s examinations (1887)

A B C D E
Corpse Age Number of  Valves present Ratio between
No. functional by morphologic D and C

valves evidence in percent
VII 70.5 6 32 19
I 54 18 30 60
I 48.5 20 28 71
\Y 42 12 15 80
v 30 22 26 85
VI 30 24 29 83
111 25 25 30 83
VIII newborn inf. 36 36 100
X newborn inf. 30 30 100
IX 32nd fetal 35 35 100
week

Klotz’s observations clearly show that the number of valves whose
existence is demonstrable by morphologic evidence does not de-
crease, whereas with increasing age individual valves become in-
competent. While almost a century later Leu et al. (1979) investigated
valves of a different region of the venous system (external iliac vein,
proximal segments of femoral vein and saphenous vein up to 6 cm
below the sapheno-femoral junction) and arrived at the same
morphologic findings, they did not give any information as to
whether the valves they found were competent or not.



22 Occurrence and Distribution of Venous Valves

Based on the findings of Klotz as well as on observations of our
own, we would advocate the following view with regard to those
veins draining the blood from the lower extremities: Venous valves
cannot just disappear in the course of a life - but pathologic
processes may cause them to become incompetent and atrophied
almost past recognition. Such pathologic processes may be:

1. Thrombosis of the valvular sinus. [Cf. Paterson and McLachlin,
1954, Sevitt (1974 a and b) and many others.]

2. Massive venous thrombosis. Valveless veins are a consequence of
venous thrombosis and subsequent recanalization (Homans, 1916;
Edwards and Edwards, 1937, and others). Thrombosis of the valvular
sinus and sequelae of thrombosis will be discussed in more detail
later.

3. Overdilation of the venous wall. It is obvious that, when the
venous wall is extremely overdilated, the valves will be too short to
touch each other and will become incompetent. There are indications
to the effect that functional incompetence may even be followed by
morphologic changes. Edwards (1934) observed that a collateral
circulation via veins of the abdominal wall will form under throm-
botic conditions of the iliac or caval veins. In the hypogastric region
the collateral circulation will comprise the superficial epigastric veins
and the circumflex iliac and pudendal veins, in which the bloodflow
runs in orthograde direction, i.e. in the same direction as under
normal conditions. In the epigastric region the collateral circulation
is taken over by the internal mammary, intercostal and long thogacic
veins. There the collateral circulation must have a direction of flow
opposite to the normal direction. Under such circumstances the
venous valves would be no more than an obstacle to the bloodflow.
According to Edwards, these collaterals with retrograde bloodflow
are valveless!

Several factors may be contributary to overdilation of the venous
wall: increased hydrostatic pressure, as found with persons holding
jobs requiring prolonged standing, or congestion caused by the
gravid uterus. On the other hand, increased dilatability of vessels, as
observed during pregnancy, may be of significance. Szotér and
Cronin (1966) observed increased dilatability of lower-arm veins of
patients with primary varicosis. It appears therefore that primary
venous-wall weakness, as postulated also by Leu et al. (1979), does
play an important role. - According to Reagan and Folse (1971) there
seems to be a hereditary disposition, towards this weakness.
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d) How Do Valves in Overdilated Veins Perish?

We would argue for the following sequence of events:

A vein is overdilated either because, as collateral vein of an
obliterated main trunk, it suddenly has to transport an unphysiologi-
cally large quantity of blood, or because more proximal valves have
perished, e.g. in the aftermath of valvular-sinus thrombosis, or
because such valves have become incompetent due to dilation caused
by abnormal load or weakness of wall. The vein is particularly
subjected to dilation when the bloodflow changes to retrograde
direction - as found in the abdominal-wall veins under conditions of
thrombosis of the caval vein or in the long saphenous vein under
conditions of varices. — Due to such dilation the venous valve itself
becomes incompetent; blood regurgitates, and turbulences occur.
Such turbulences, in turn, create favorable conditions for deposition
of blood elements, which may be found on the valve itself or, even
more frequently, in the valvular sinus. The ensuing processes of
reorganization may result in shrinkage of the valve in that some
portions of the valval cusp become attached to each other in folds or
to the venous wall. Thus, in all forms of unphysiologic venous
dilation, we find conditions ranging from morphologically un-
changed but incompetent valves, or valves with micro-thrombi or
sinus thrombi, to heavily shrunk or even completely missing valves. —
The now incompetent valve will cause the valve located on the next
site in distal direction to be subjected to exactly the same conditions
of overdilation by excess load. In view of that fact, we consider the
question of whether the morphologic change of the valve caused the
venous dilation or vice versa to be as irrelevant and difficult to
answer as the question of whether the hen preceded the egg or vice
versa!

e) Veins in Other Circulatory Regions

So far we have been concerned with veins draining the blood from
the lower extremities. We may assume with certainty that venous
valves do perish spontaneously in other circulatory regions.

As early as in 1887 Hochstetter reported that the valves of the
gastric veins become more and more incompetent with increasing
age. At the age of twenty not a single competent venous valve was
found in the major curvature.

In more recent times von Kiigelgen and Greinemann (1958)
investigated into renal veins. Their results may be summed up as
follows: In % of all kidneys examined, valves or rudiments of valves
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were found in the major renal vessels and their tributaries. Only a
small portion of these valves were functional, and the majority of
valves were found to be in various stages or regressive metamorpho-
sis. In fetal and infant kidneys more and better preserved venous
valves were present than in the kidneys of adults. These findings
suggest the conclusion that processes of regression take place in the
ostial and free valves. The situation is quite different in the ostial
valves of the pelvic veins, which were present and obviously
functional in all age groups.

These findings established by Hochstetter and von Kiigelgen and
Greinemann have well confirmed a working hypothesis first laid
down by Klotz (1887) according to which the regressive changes of
venous valves during post-fetal life are subject to regional differ-
ences. Venous systems, in which largely constant and unidirectional
flow conditions are prevalent, tend to lose their superfluous valves
more readily, whereas systems, in which heavier strain is exerted on
the valves due to frequent arrest of flow or reversed flow, preserve
their valves throughout life. (To which we would feel tempted to add:
“unless, as will occur in some saphenous veins, such strain exceeds a
certain limit of tolerance.”)



3

Anatomy of Venous Valves

A. Macroscopic Anatomy

We distinguish between parietal valves and ostial valves.

a) Parietal Valves (Pocket Valves)

These valves are the type encountered most frequently. Most but not
all of them are found at sites, where a tributary enters a vein further
proximally or two veins of roughly equal diameter are united by a
junction. (Von Kiigelgen occasionally calls such valves ““Astklappen”,
i.e. branch valves, a term which may be rather confusing as it is used
by some other German-speaking authors for ostial valves and should
therefore be avoided.) If a parietal valve is not in any relationship to
an entrance or a junction it is also referred to be free parietal valve.

Parietal valves consist of the cusps, the valvular agger, the valvular
cornua and the valvular sinus.

Valvular cusps are delicate — usually three-quarter to half-moon-
sharped - structures, consisting of a skeleton of collagenous fibres
covered by endothelium. Their insertion is at the valvular agger.
Some portion of the collagenous fibres of the cusp runs in the form of
a broad belt parallel to the free border of the cusp (von Kiigelgen,
1958). “Occasionally a bundle of particular thickness is situated in
the border of the cusp itself reinforcing the border in a beaded
manner. In addition to the fibres running alongside the border of the
cusp, bundles of fibres radiate from each of the cornua, flabellating
across the cusp and re-entering the agger in the area between its
medial line and the opposite horn. Thus the fibres of both sides cross
and interweave one another in the central field of the valve.”
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Fig. 9. Valves in the region of the sapheno-femoral junction. The left
photograph (A) shows the typical conditions found. Upper arrow: valve in
common femoral vein — visible but vaguely here. Middle arrow: terminal
valve of long saphenous vein, immediately distally to the entrance. Lower
arrow: subterminal saphenous valve. The probe has been introduced into
the deep femoral vein. The photograph on the right-hand side shows
somewhat untypical conditions. Upper arrow: valve in the common femoral
vein, slightly proximal to the sapheno-femoral junction. Middle arrow: the
terminal valve of the long saphenous vein is located at a distance of some
3 cm distally to the sapheno-femoral junction. Lower arrow: the subterminal
valve of the saphena

Fig. 10. Diagram of bicuspid valve. A Longitudinal section of vein.
B Opened vein seen from the lumen. I free border of cusp. 2 valvular sinus.
3 valvular agger. 4 valvular commissure, in which the cornua meet
Fig. 11. Valve of human femoral vein. Slightly proximal from the valve
there is an entry



Fig. 10

Fig. 11
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Valvular Agger

The valvular agger connects the valvular cusps to the venous wall; its
shape is that of a double horseshoe, the convex sides of which are
arranged distally. The valvular agger contains smooth muscle cells. It
is not to be found in veins with diameters of less than 80 to 100 pm
(Staubesand and Rulffs, 1958).

The cornua are formed at the juncture of the valvular aggers in the
region of the commissure of the valve (Fig. 10). Staubesand and
Rulffs (1958) refer to the cornua as the “dam of the commissure”.

Fig. 12. Tricuspid valve in the jugular vein of a dog. (A rudimentary
tricuspid valve found in a human saphenous vein is shown in Fig. 67)

The valvular pocket (sinus) is the space between valvular cusp and
venous wall. In this region the venous wall is particularly thin.

Although parietal valves with 1 to 5 cusps have been reported, in
human beings bicuspid valves are the rule. Still, tricuspid - as well as
unicuspid - valves do occur occasionally. Von Kiigelgen found
quadricuspid valves in renal veins. Von Kiigelgen (1958) argues that
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unicuspid valves may originate by regression of one cusp of a
bicuspid valve.

In humans we have found a rudimentary tricuspid venous valve in
only one instance (Fig. 67). Among numerous veins of rabbits and
dogs examined, we found tricuspid valves in only one dog. In this
particular dog, however, such valves were present in both femoral
veins and in one long saphenous vein. Such multiple occurrence of
tricuspid valves in one individual of the species (Fig. 12) would
suggest a specific predisposition.

In a bicuspid valve the vertical length of the cusp will often be
twice the diameter of the vessel (Franklin, 1927). According to
Edwards (1934) the valvular cusps, when closed, touch each other
over a length corresponding to !5 to ' of the venous diameter at the
respective site.

b) Ostial Valves

Ostial valves (occasionally termed ‘‘Astklappen” instead of
“Miindungsklappen” in German specialized literature) are found
immediately at the entry of a small vein into a larger vessel.
According to Franklin (1927) ostial valves usually consist of a single
fold, whose insertion occupies about two-thirds of the circumference
of the entry. Ostial valves may also consist of two folds of unequal
length, in which case oyster-shell-like structures may evolve.

According to Franklin ostial valves have no agger. Von Kiigelgen,
however, did find clear-cut valvular aggers in ostial valves (Fig. 13).
He distinguishes between two different forms of ostial valves:

1. Marginal insertion of the ostial valve (“low” insertion according
to von Kiigelgen). The valve is seated directly at the circumference of
the entry (Fig. 13, left). The distal agger is positioned entirely in the
wall of the major vessel, the distal cusp freely hangs out into the
lumen of the major vessel. There is no valvular sinus. The proximal
cusp is provided with an agger situated at the site where the wall of
the smaller vessel merges into that of the larger one. The sinus is
located proximal from the agger of that cusp and completely in the
wall of the major vein, which is considerably thinned in the area of
the sinus.

A special variety of marginal ostial valves is the funnel valve
(Fig. 14).

Franklin (1929), referring to a jugular vein, describes entries formed by
spur-like structures, which are part of both the entering vein and the major
vessel. This form of entry is obviously identical with the phenomena of
marginal insertion and funnel valve.
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Fig. 13. Two types of ostial valves according to A. von Kiigelgen [Zeitschr.

Zellforsch. 47, 684 (1958)]. Left: “low” insertion. Right: “high” insertion.

The vessels shown are renal veins, in which the blood flows downward. In

view of the fact that in many regions of the body the blood flows in cranial

direction, we would recommend the use of the terms: “marginal” ostial
valve (left) and “‘recessed’ ostial valve (right)

Fig. 14. “Funnel valve” according to A. von Kiigelgen [Zeitschr. Zellforsch.
47, 684 (1958)]
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2. Recessed insertion of the ostial valve (“‘high” insertion according
to von Kiigelgen). The aggers of this type are located entirely in the
entering vessel. Both halves of the valve have a sinus. In most cases
the cusps hang out of the ostium and into the flow path of the major
vessel (Fig. 13, right).

The nomenclature of “low” and ““high” ostial valves as introduced by von
Kiigelgen is correct only if the blood flows downward in the vessel being
referred to - as is the case in renal veins such as von Kiigelgen studied. In
many regions of the body, however, the blood must flow upward so as to
reach the heart. There the nomenclature would be misleading. We,
therefore, would recommend the use of the terms: ostial valve with
“marginal” cusps and ostial valves with “recessed” cusps or simply
“marginal” and “recessed” ostial valves.

Unicuspid ostial valves are largely identical with the spur that
forms between the vessels if a small vein enters a larger one at an
oblique angle. Presumably even slight hypertrophy of that spur will
suffice to make it bend into the lumen of the entering vein if a
retrograde pressure wave occurs. In this way the vein is protected
against penetration by the pressure wave. Various forms of ostial
valves are shown also in Figs. 27 and 28. Similar spur-like formations
resembling valves are also found in the arterial systems, in the vicinity
of entries (Bdck, 1975).

c) Spatial Arrangement of Venous Valves

Fabricius (1603) stated that venous valves were arranged in such a
manner that the next higher valve was always at right angles to the
preceding one. De I'Aulnoit (1854) confirmed that theory. Edwards
(1936) proved it to be erroneous and found out that venous valves are
arranged according to entirely different regularities.

First of all Edwards observed that veins will assume cylindrical
form only as specimens outside the body. Inside the body, veins will
have cross sections of elliptic outline, in particular at the sites of
venous valves. The elliptic outline is due to the fact that the skin, the
subcutaneous fascia etc. press the vein towards the muscles or the
muscles press it towards the bone (Fig. 15). As mentioned above,
valvular cusps are aligned alongside the longitudinal axis of the
ellipse and, thus, invariably parallel with the skin or the fascia
surrounding the muscles. The correct arrangement of venous valves
may be seen from Diagram B in Fig. 15. If the valve inserts into the
venous wall at the longest diameter of the cross section, the cusps
may join smoothly. If they were arranged in any other manner, €. g. in
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that shown in Diagram A of Fig. 15, the valve would form folds;

close apposition between the valvular cusps would be impossible.
The spatial arrangement of valvular cusps may be important with

respect to the angiographic method used for visualization of venous

A B

Fig. 15. Spatial arrangement of venous valves (according to Edwards, 1936).
A The venous valve is arranged in correspondence with the shortest
diameter of the ellipse. If that position were to occur in nature, valvular
incompetence would result due to the excessive length of the cusps. B The
valvular cusps insert in correspondence with the longest diameter of the
ellipse - tight closing of the valve is possible. The outer circle represents the
skin, the middle one the muscular fascia, and the inner one the outline of the
bone

valves. In order to find out for purposes of subsequent surgery
whether valves involved are competent, it may be desirable to obtain
an orthograde image of their cusps. Edward’s scheme shows in which
way the extremity must be turned so as to obtain such an image.
Edward’s findings were reaffirmed by Samuels et al. (1968). When
trying to destroy venous valves by hooked stripper-type instruments,
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they realized that the edges of the valvular cusps were invariably
aligned parallel to the skin. When the two hooks of the instrument
were to be introduced into the valvular sinus, the instrument had to
be turned so that the hooks were in radial position to the cross-sec-
tion of the leg.

B. Histology

By light-optical means venous valves may be visualized in conven-
tional sections (paraffin sections). A more refined method are
semi-thin sections processed after embedding in synthetic resin
(epon). Thirdly, there are “‘en-face preparations™.

a) Paraffin Sections

1. Method

For the purpose of visualizing valves by means or conventional
histologic methods, the vessel is removed along with the valve and
fixed in a 5 to 10% formalin solution. Individual sections or series of
sections in longitudinal or horizontal direction may now be made.

In order to fix the valves in closed position, we cannulized the
veins proximally and distally to the valve. Neutralized formalin
solution of 5 to 10% concentration was infused into the vein in
orthograde direction; the vein was then suspended into a bottle
containing formalin, and the central cannula connected to an
infusion-set containing formalin. The upper level of the formalin
solution was about 20 cm above the venous valve so that the valve
was kept under a constant hydrostatic pressure effective in retrograde
direction.

To fix the valvular cusps in a position as extended as possible,
Saphir and Lev (1952) introduced into the valvular sinuses small
cotton pads soaked with 10% formalin solution and immersed the
entire vessel in formalin. — In view of the sensitivity of endothelia to
mechanical trauma we would strongly advise against that procedure
if the endothelial lining is to remain intact.

2. Results

The histologic picture as it presents itself in conventional sections is
shown in Figs. 16 and 17. The valvular cusps may be divided into two
regions, a luminal part facing the lumen of the vessel, and a parietal
part facing the wall of the vessel. Both parts are covered by a layer of
unicellular endothelium. Underneath the endothelium of the luminal
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part there is a thin elastic layer, which is an extension of the internal
elastic membrane of the vein. The elastic membrane is slightly
undulated. According to Saphir and Lev (1953) extremely thin elastic
fibrils may branch off occasionally and invade the adjacent collage-
nous layer. The surface of the luminal part is relatively smooth,
whereas the parietal part is rather irregularly outlined. Crypts and

Fig. 16. Structure of a venous valve (scheme). EIl Elastic membrane.
E Endothelial cells. A Valvular agger. C Crypts. B Connective tissue cell.
P parietal part. L luminal part

crevices covered by endothelium invade the substance of the valves.
These crypts are arranged in an irregular manner; occasionally they
are absent. Saphir and Lev attributed the superficial irregularity of
the parietal part to the absence of an elastic layer in that region. The
stroma of the valve mainly consists of collagen; the valve contains
few connective tissue cells. In the region of the valvular agger smooth
muscle cells are found, but such cells do not invade farther into the
valvular cusp.
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Fig. 17. Conventional paraffin sections of venous valves. A Insertion of the
valve with valvular agger. Emergence of elastic membrane from venous wall
into valvular cusp. Note the relatively smooth luminal part (bottom) and the
crypts in the parietal part (top). — Femoral vein, 34-year old male.
Orcein-hemalum staining. B Valvular cusp with endothelial and stroma
cells, 18-month old infant, femoral vein. Hematoxiline-eosin staining
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b) Semi-thin Sections

1. Method

The specimens were prepared as carefully and cautiously as the
specimens for silver staining (see below). The veins were mounted on
cork sheets, cut open, and spread out in their natural length and
extension in such a manner that the intimal layer was facing upward.
In that position the specimens were fixed in a 2.5% glutaraldehyde
solution, which had been standardized to pH 7.2 by phosphate
buffer. After fixation for a minimum duration of 2 hours and a
maximum duration of 24 hours, the specimens were flushed by
0.2-molar phosphate buffer, and the samples were sectioned under
the microscope. First a commissure along with the adjacent tissue
was excised in a direction parallel with the longitudinal axis of the
vessel. A second specimen was also excised parallel with the
longitudinal axis of the vessel but through the centers of the valvular
cusps, and a third one through the wall of the vessel. The specimens
were fixed in osmium-pallade solution overnight, then dehydrated in
alcohol of increasing concentation and embedded in epon 812.
Thereafter, sections of 1 p thickness were made by a glass knife, with
the direction of section in the commissure running at cross angles to
the axis of the vessel. The tissue specimen through the centers of the
valvular cusps was cut in the direction of the longitudinal axis of the
vessel, and the portions of the venous wall adjacent to the insertion of
the valve were sectioned transversely. The specimens were collected
on slides, dried on a hot plate, and stained by toluidin blue.

2. Results

In semi-thin sections details, such as endothelial cells, stroma cells
and elastic lamellae, are visualized with enhanced clarity as com-
pared to conventional paraffin sections (Figs. 18-21)*. Fig. 19 shows
a section through a commissure. Fig. 21 A shows a semi-thin section
through the insertion of a cusp; the valvular agger is visible. The
valvular cusp itself is relatively smcoth near the insertion of the
parietal part. In contrast to that, Figs. 21 B and C show thick folds of
the parietal part near the insertion of the cusp, i.e. at about the lowest
point of the valvular sinus. Between the folds there are crypt-like
indentations. Despite their vicinity to the valvular agger, they are not

* The semi-thin sections were prepared in cooperation with Prof.
Dr. Bick and Dr. S. Geleff, both of the Institute of Micromorphology and
Electron Microscopy of the University of Vienna. We feel greatly indebted
to them.
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Fig. 18. Semi-thin section. Longitudinal section through valve of saphenous
vein. 82-year old female. Tessellated picture. Note the beaded free edge of
the valvular cusp



Fig. 19. Semi-thin section across valvular commissure. Saphenous vein of
18-month old infant. Note the beaded free edge of the left cusp (near the left
margin of the picture) and the “fold” in the parietal part immediately at the
insertion of the cusp (1). The cusp on the right side shows only agger
attaching the cusp to the venous wall at its insertion (}1)

Fig. 20. Semi-thin section. Valvular cusp in internal saphenous vein of
34-year old male



Fig. 21. Semi-thin sections. A Insertion of valvular cusp. Clearly visible

agger, no folds in parietal part of cusp near insertion. B and C Marked

folding of parietal part near insertion of valvular cusp (arrows). These folds

may be identical with the buttress-like supporting structures visualized in
en-face preparations (Fig. 24 B)
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identical with it: they rather seem to be buttress-like folds occurring
in large-sized valves for the purpose of contributing to the firm
attachment of the cusp to the venous wall in the vicinity of the
commissure. We presume that they are identical with the structures
we found in en-face preparations (Fig. 24 B). Apparently it depends
on the direction of the section as to whether or not such folds are hit
upon.

¢) Silver-stained En-face Preparations

It is one of the shortcomings of sections that only a narrow segment
of the valve is visualized and, in order to examine the valve in its
entirety, numerous series of sections will be needed. The method of
“en-face preparation” described below, in combination with silver
staining, offers the opportunity to evaluate a valve under the
microscope by means of a single specimen and visualize the various
layers of the valve by means of a few microphotograms.

1. Silver Staining

It has been known for more than a century that endothelia may be
visualized by silver nitrate staining. The “cement lines”’, a system of
silver lines marking the borders of the endothelial cells, are stained. If
the staining silver solution is allowed to act for a prolonged period of
time, or if the endothelium is in a damaged condition, a second
system of silver lines — surrounding the smooth muscles -~ can be
visualized. Each of these silver lines, which have become part of the
media, will surround a smooth muscle cell and mark it off laterally
from the adjacent muscle cell. Thus a system of predominantly
horizontal networks of silver lines will develop in the mounted
vessels. Gottlob and Hoff (1967) proved that the endothelial silver
lines in the region of the fenestrae of the internal elastic membrane
are related to the medial silver lines running along the smooth
muscles. It is a frequent observation in whole-thickness preparations

Fig. 22. Whole-thickness preparations of rabbit’s jugular vein. A-B-C In-
creasing duration of silver staining. A Endothelial cement-lines with
spur-like processes. Occasionally the cement-lines are distorted at the origin
of spurs (arrow). B When subjected to a longer period of staining the
specimen shows that the spurs actually are incompletely stained “transverse
lines” running along the smooth muscle cells of the media. C The transverse
lines have been almost completely stained. The cytoplasm of the endothelial
cells has been stained, the cell nuclei have been largely spared. The nuclei
are surrounded by a thin, partly stained membrane
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that the endothelial silver lines are distorted in the zones of adhesion
with the medial silver lines. These findings led to the conclusion that
there actually is some sort of “cement’” anchoring the endothelium to
the smooth muscles of the media in the region of the fenestrae
(Gottlob and Hoff, 1967, Fig. 22, A, B, C).

For quite some time it remained utterly mysterious which organic
substrate the silver lines corresponded to. Occasionally the lines are
of granular appearance; their thickness is considerably greater than
the intercellular space between the endothelial or smooth muscle
cells. By histochemical studies it was proved (Gottlob and Hoff, 1968)
that indeed we seem to be dealing with a cement-like substance,
which is situated in the intercellular space and is so small that it will
evade visualization by light-optical means. Luft (1966), however,
found evidence of an intercellular substance by electron-optical
methods (magnified 120.000 times). So why is this extremely thin
layer of a cement-substance visualized by silver staining? The process
involved is two-phased and not unlike that of photography.

During the first phase microscopically invisible silver grains form. During
the first phase of photography, metallic silver is released from the silver
bromide emulsion due to the action of light. The silver particles released in
the photographic process are also microscopically invisible. During a second
phase there is massive accumulation, by aggressive reducing action of the
developer, of silver to the silver grains pre-formed during the first phase —an
image visible by light-optical means evolves. — In endothelial silver staining
the effect of the silver nitrate upon the endothelial cells results in the
formation of silver halides in the tissue, which primarily contains chlorides.
In no other region than in that of the minute endothelial cement substance,
is metallic silver reduced and bonded primarily. The second phase of
endothelial silver staining is that of the action of daylight, by which metallic
silver is reduced from the silver halides in the tissue. The metallic silver then
deposits on the pre-formed and hitherto invisible particles so that a system
of cement-lines visible by light-optical means appears.

2. En-face Preparations

To avoid the drawbacks inherent in sections due to the small
quantities of tissue available for examination, O’Neill (1947) for the
first time studied silver stained vessels in the form of whole-thickness
preparations (en-face preparations). For that purpose O’Neill cut
open the vessels, spread them with the intimal layer facing upward
and, after silver staining and dehydration in alcohol solutions of
increasing concentration, cleared them up in wintergreen oil. The
vessels were mounted between slide and coverglass and offered
themselves to evaluation of endothelial areas in their entirety. — This
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method of “en-face preparation™ has proved its worth in particular
for studies of endothelial pathology. Zinner and Gottlob, e.g., used
the method for proving damages caused to endothelium by contrast
media (1959). — The method of endothelial silver staining and
full-thickness en-face preparations was first used for investigating
venous valves by Gottlob and Kimmel (1973).

3. Method

The veins whose valves are to be studied must be dissected with all
due care; any contact of the vessel with forceps, hand or swabs
should be avoided. Only the surrounding connective tissue should be
seized, and severed with sharp scissors.

Silver staining may be applied in situ - either at the intact or at the
opened vessel. For silver staining in situ the vessel is dissected or
ligated proximally and distally to the valve, cannulized by a fine
plastic catheter proximally to the valve, cut open distally to the valve
and flushed with saline or buffered Ringer solution until all blood
has been drained from it. The vessel is then flushed briefly with a 5%
solution of glucose in water, and after that, for 20 seconds with a
0.25% silver nitrate in water solution. This is followed by another
brief flushing with a 5% solution of glucose in water, after which the
vessel is subjected to fixation by rinsing with a 5 to 10% formalin
solution, which may be achieved by application of a continuous-drip
infusion for several hours. During silver staining, in order to make
sure that both surfaces of the venous valves can be safely visualized,
the solution may be re-aspirated briefly so that there will be a
temporary retrograde flow.

After staining and fixation, the vessels are dissected in their
entirety, spread on cork sheets approximately in their natural length,
and cut open using a fine pair of scissors, proceeding in the direction
of the bloodflow. The vessels are then spread out by means of fine
needles, avoiding any damage to the areas of valves when sticking the
needles in. Thereupon, the vessels are dehydrated in alcohol
solutions of increasing concentration, immersed in wintergreen oil
(methylsalicylate) for one hour and cleared. After that, the specimens
may be mounted between slide and coverglass in the form of
whole-thickness preparations in Caedex or some other balsam. This
is the safest method of preserving the intactness of the endothelium.

As an alternative, the vessels may be dissected, cut open and spread
prior to staining, in which case the exposed endothelium is stained by
gently sprinkling it with silver nitrate solution. Before and after that it
is flushed in a 5% solution of glucose in water. Care should be taken
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to apply the solutions in the opposite direction of the bloodflow in
order to make sure that they will well penetrate the valvular sinus. In
the same manner as with the intact vessel, the specimens are
dehydrated, and mounted.

4. Results

As a rule 3 layers of endothelium can be observed in the regions of
valvular cusps: the endothelium of the venous wall and two layers of
valvular endothelia (Figs. 23, 25, 26).

In the avulvar portions of the vein the endothelium of the venous
wall predominantly runs in such a way that the longitudinal axes of
the cells are aligned in correspondence with the axis of the vessel.
The arrangement in the region of the valvular sinus is different. There
the endothelia is arranged either crosswise to or in irregular
alignment with the axis of the vessel. The same applies to the
endothelium of the parietal part of the valvular cusp. In contrast
thereto, the luminal part of the cusp shows an alignment of its
endothelia, which is once again predominantly in correspondence
with the axis of the vessels. — It has been known that endothelial cells
tend to align their longitudinal axes with the direction of the
bloodflow. This principle is fully upheld in the region of the valve.
When the valve is open, only the luminal part is subjected to the
bloodstream - which is why the endothelial cells are aligned in
longitudinal direction. In the valvular sinus, however, there is no
considerable bloodflow, regardless of whether the valve is open or
closed. The endothelial cells, therefore, are arranged in an irregular
manner and frequently crosswise to the axis of the vessel. On the
other hand, we would argue against any temptation to assume that
the crosswise positioning of the endothelial cells were “lawful” in
any way. Especially in en-face preparations one may realize that their
arrangement is of considerable irregularity and thus in correspon-
dence with the turbulent flow conditions in that region.

In a comparison of the endothelial cells of the venous wall with
those of the valvular cusp it is striking that frequently the silver lines
of the venous wall are stained much more intensively than those of
the valvular cusp. — Apart from that there are no other microscopical-

Fig. 23. Venous valves in en-face preparations. Silver staining. Region of
the edge of the valvular cusp. Jugular veins of a rabbit (left) and a dog
(right). B and D Continuous endothelial layer of venous wall, A and
C Layers of valvular cusps with two systems of cement-lines; in each of them
only one system of cement-lines runs horizontally (parallel with the axis of
the vessel), this is in both of the cases, the endothelium of the luminal part
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Fig. 24. En-face preparations, silver staining. Commissures of venous

valves. A Rabbit. The undamaged commissure is acute-angled. B Human

saphenous vein. In large veins the valves are less acute-angled; in addition

thereto, buttress-like folds (arrows) extend from the commissure into the
parietal endothelium of the vessel

Fig. 25. Distal end of a valvular sinus. Jugular vein of dog. Same area
shown at three different levels. A Uppermost layer (near lumen). In the
lower right corner, endothelium of venous wall, merging into the endothel-
ium of the luminal part of the valve (more to the left). B Left, endothelium of
the parietal part of the valvular cusp. In the right lower corner the
endothelium of the vessel distal to the valve is visible. C Left side and upper
left corner, endothelium of venous wall in the region of the valvular sinus
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ly conspicuous differences between valvular endothelia and endo-
thelia of the vessel wall in specimens taken from animals (rats,
rabbits, dogs). The same applies to specimens taken from humans of
lower age groups. In older human individuals considerable differ-
ences are found. We shall revert to those differences when discussing
changes caused by age (pp. 88-92).

Fig. 24 shows the commissures of venous valves taken from rabbit
and human material. A normal and undamaged valvular commissure
is acute-angled with smaller valves and somewhat wider with larger
valves; in the region of the commissure the larger valve is anchored to
the parietal endothelium by several folds of buttress-like appearance.
We assume that these folds may be identical to the ones we have
observed in semi-thin sections (Fig. 21 B and C).

Figs. 25 and 26 show the edge of the valvular sinus located at the
“windward” side of the bloodflow. — On the free edge of the valvular
cusp located at the ‘“‘leeward” side of the bloodflow we find an
endothelial layer in continuous course lying at the bottom, i.e. on the
wall of the vessel. At the distal end of the blind sac, located at the
“windward” side of the bloodstream (Figs. 25A and 26 A), we find
continuous endothelial lining in the uppermost layer of the specimen,
i.e. on that side of the valve facing the lumen.

Figs. 27 and 28 demonstrate the excellent quality by which ostial
valves may be visualized in en-face preparations.

For the purpose of evaluating whether a venous valve is damaged
or not, three layers of cement-lines should be visible in the valvular
region. Often the endothelial layer of the parietal side of the valve is
stained only slightly. In view of that fact, we may say from experience
that, as a rule, two endothelial layers clearly located on top of each
other will be sufficient to confirm the inference that the valve in the
region concerned is not adherent but equipped with a free cusp.
Images of pathologic venous valves will be discussed in the section
dealing with pathologic histology.

En-face preparations of silver stained venous valves offer the
advantage of evaluation of the venous valve in its entire layout. The
method has its drawbacks too: first of all, the structures to be
investigated are arranged at varying levels, the visualization of which

Fig. 26. Valve in human internal saphenous vein. En-face preparation. A, B

and C Same area shown at three different levels. The distal edge of the

valvular sinus is visualized. A Uppermost layer facing the lumen; in the right

lower corner, endothelium of venous wall, merging (more to the left) into

luminal endothelium of valvular cusp. B Parietal endothelium of cusp (left).
C endothelium of venous wall in the region of the valvular pocket
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Fig. 28. Ostial valves with “recessed” insertion. A Unicuspid valve. B Bic-
uspid valve. Jugular vein of dog

Fig. 27. A Bicuspid ostial valve, “marginal” insertion. The cusps hang out

freely into the lumen of the main vessel. B Unicuspid ostial valve. C Same

cusp as shown in B, under higher magnification. Two endothelial layers are
visible
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is often far from optimal. Because of this, the person evaluating the
specimens is frequently required to readjust the micrometer screw of
the microscope. The disadvantage caused by multilayer arrangement
and uneveness of elevation is not likely to facilitate the use of
microphotographic methods either. Another drawback is that the
vessel must be cut open so that, as a rule, at least one cusp will be
damaged. - However, in view of the fact that some of these
drawbacks are inherent to conventional sections as well, and keeping
in mind that en-face preparations enable the investigator to evaluate
a venous valve by means of a single specimen, we do regard silver
stained en-face preparations a very suitable method of examining
venous valves as to their anatomic intactness. Besides, after examina-
tion of the endothelial lining and production of microphotograms,
whole-thickness preparations may easily be further processed to
conventional sections or monolayered flat-preparations.

d) Unicellular Flat-Preparations (‘‘Hiutchenpriparate’’)

Occasionally, in order to stain the nuclei of endothelial cells and
obtain histologic specimens as flat as possible, monolayered flat-pre-
parations (‘‘H&autchenpridparate”) were produced according to the
method developed by Lehr, Nashef and Gottlob. For that purpose we
proceeded by first dehydrating the silver stained whole-thickness
preparations in alcohol solutions of increasing concentrations; then
one surface of slides made of methylmetacrylate (“‘Plexiglas™) was
macerated in acetone for 30 minutes. The vessel was placed on the
slide, with the endothelial layer facing the macerated surface of the
slide; both vessel and slide were pressed between cork sheets in a vise
for one hour. Thereupon the vessel was drawn off the slide (like a
decal) in such a manner that the endothelium - in most cases — was
left on the slide in the form of a single-layered film (‘““H&utchen”).
The specimens were stained by hematoxylline overnight, dehydrated
once more, and protected by a coverglass after application of a few
drops of Caedex.

The results obtained by the unicellular flat-preparation method
will be discussed in the chapter dealing with age-processes
(pp- 88-92).
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e) Electron Microscopy
By S. Geleff*

1. Method

For electron microscopy the sections were prepared in the same
manner as for semi-thin sections. The samples embedded in epon 8§12
were processed to sections whose colors ranged from gold to silver,
and collected on uncoated copper grids. Contrasting was achieved by
a 25% uranylacetate solution for eight minutes and lead-citrate for
two minutes. Tannin-contrasting was achieved according to the
method developed by Kajikawa et al. (1975) as modified by Stadler
and Orfanos.

The sections were examined under a Zeiss EM 9 electron micro-
scope.

2. Results
2.1. Cellular Elements
2.1.1. Endothelium

The parietal and luminal parts of the free portions of valves are
covered by uni-layered endothelial cells (cf. Fig. 29 A).

In the endothelial cells of both human and animal venous valves
all organelles and cellular elements typical of such cells are found. In
particular there are a large number of transport vesicles and “coated
vesicles”. The number of Weibel-Palade bodies varies (Fig. 29 E).

As in the venous wall itself, the endothelial cells are attached to
each other by ““closed junctions”. The superficial borders of cyto-
plasm of both the parietal and luminal layers of endothelial cells of
the venous valve are gathered in overlapping marginal folds in a
regular manner:

In almost all of the cells large quantities of filaments, the diameters
of which corresponde to those of the “intermediate filaments”, are to
be found (cf. Fig. 29 B). Occasionally there is also evidence of a single
cilium.

The distance between the endothelial cells of the luminal and
parietal sides varies. Frequently those cells are so close to each other
that they are separated by only a very few collagenous fibrils or none
at all. The basal membranes of such processes of cytoplasm may

* These studies were made at the Institute of Micromorphology and
Electron Microscopy of the University of Vienna. All authors feel greatly
obliged to Prof. Dr. P. Béck for his advice and valuable suggestions.
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touch or even merge with one another (cf. Figs. 29 A and 30B). In
contrast, the distance between the two layers of endothelial cells may
be quite considerable at times (cf. Fig. 29 A), and either one or more
bundles of collagenous fibrils, or one or more connective-tissue cells
(myofibroblasts) may be interspersed between them (cf. Fig. 29 A).

2.1.2. Stroma Cells

In the connective tissue of the free valvular portion stroma cells are
present in sparse quantities. They may appear approximated to one
or the other side of the endothelium or, by their processes, reach up to
the endothelia of any of the two valvular surfaces (cf. Fig. 29 A).
Numerically, they are present in the valvular cusp in varying
quantities. In the free edge of the valvular cusp they occur in larger
quantities, are markedly ramified and cohere to each other by means
of their processes (cf. Fig.32). Two types of stroma cells are

Fig. 29 A-E. Valve from jugular vein of rabbit

A Low-power magnification. The valvular sinus on the left side still contains
erythrocytes and fixed plasm; the side facing the lumen of the vessel has
been flushed by fixing solution. The valvular stroma, consisting of
collagenous fibrils (k), is of varying thickness. In circumscribed areas, the
endothelial cells of both surfaces touch each other (b, cf. also Fig. C). In the
figure, two stroma cells are visible (S}, S2). The valvular surface is coated by

regularly built endothelial cells (magnified 4,200 times)
B Detail of a stroma cell (S; in Fig. A). The polygonal cells, which frequently
develop far-reaching and ramified processes, appear to be fibroblasts. In
some cases bundles of cytoplasmic filaments (f) and fragments of a basal
lamina (bl), as have been described for the contractile form of fibroblasts
(myofibroblasts), are found. The short profiles of the rough endoplasmatic
reticulum are expanded and filled with a modestly electron-dense granular
substance. The diameters of the collagenous fibrils in the valvular stroma

range between 30 and 50 nm (magnified 25,000 times)

C In valvular regions devoid of stroma, the endothelia of boths sides are
closely adjacent to each other. The basal laminae merge (arrow) (magnified
28,500 times)

D Sparse elastic material is found predominantly at subendothelial sites. By
tannin and uranylacetate contrasting it may be visualized as electron-dense
(arrow) (magnified 4,000 times)

E The endothelial cells are characterized by transport vesicles (#) and
Weibel-Palade bodies (wp). They rest on a basal lamina, to which bundles of
“elastic fiber microfibrils” are (frequently) aggregated (arrow, cf. also
Fig. 30A). In the cytoplasm of the endothelial cells, numerous “intermedi-
ate filaments™ are visible. Most of the cells border on each other by “closed
junctions”, with their superficial edges gathered and forming overlapping
marginal folds (magnified 30,000 times)
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observed, which are morphologically distinguished from the fibro-
blasts and fibrocytes usually found:

a) Connective-tissue cells, located slightly below the endothelium
and showing a discontinuous basal membrane. In addition to that,
these cells show bundles of cytoplasmic filaments (the diameter of
which is approximately 80 A) and, at their surface, pinocytotic
vesicles.

b) The second type of cells, which also occurs predominantly at
subendothelial sites, is similar to endothelial cells and, like those, is
provided not only with bundles of equally sized filaments but also
with a number of transport vesicles, and a partially developed basal
membrane. Frequently these subendothelial cells give the appear-
ance of “light” cells (cf. Fig. 31 B).

¢) Smooth muscle cells with characteristic bundles of myofila-
ment. “Dense zones” and basal membranes are extremely rare
findings. For that reason it is difficult to judge how far, from the
insertion of the cusp (where they may be found in single small
groups), they reach into the free portion of the cusp.

2.2. Fibrillar Elements
2.2.1. Collagenous Fibrils

The main portion of the fibrillar material in the venous valve is
represented by collagenous fibrils.

In “thin” areas of the valve, usually only one layer of fibrils,
running in a parallel course and combined to a bundle or a lamella, is

Fig. 30 A-C
A Under light-optical microscopy (insert) positively stained elastic fibers
(arrow) can be detected in sparse quantities by classic methods of elastica
staining (in this case by Weigert’s method of resorcin-fuchsin staining
modified by Romeis). Under the electron microscope it is obvious that these
fibers consist of small quantities of elastica (e¢), predominantly representing
bundles of *‘elastic fiber microfibrils” (efm) (magnified 45,000 times)
B The endothelial cells of both surfaces of the valve may develop
cytoplasmic processes, reaching into the depth of the stroma and meeting
each other (arrow). A bundle of “intermediate filaments’ corresponding to
those shown in Fig. A has been marked (if). Not only do the collagenous
fibrils of the stroma frequently vary in dameter — but thicker fibrils may even
show irregularly outlined cross-sections (area marked by circle, cf. Fig. C)
(magnified 28,500 times)
C Collagen from wall of human saphenous vein; age 70. Under electron
microscopy the macroscopically inconspicuous vessel shows the marked
picture of so-called “fibrillar dysplasia” of the collagen; there were entirely
similar findings in the valvular stroma (magnified 28,500 times)



Fig.31 A and B
A In thicker regions of the stroma the collagenous fibrils are combined to
bundles and lamellae. Within these bundles the fibrils run strictly parallel;
the alignment of the bundles toward each other cannot be discerned in
single sections (magnified 7,000 times)
B Immediately underneath the endothelium, in particular under the cellular
borders, cells with conspicuously light-colored cytoplasm (x) are found;
they distinguish themselves from sections of stroma cells (myofibroblasts)
by their number of organellae and cytoplasmic filaments. Such profiles were
interpreted as “‘replacement cells” for the endothelium by Hoff and Gottlob.
In the lower right-hand side of the picture an erythrocyte is adjacent to the
endothelium (magnified 25,000 times)
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Fig. 32. Venous valve taken from rabbit. Detail close to free valvular edge.
In the stroma of the thickened free edge of the valve (cf. insert - light-optical
microscopy) ramified myofibroblasts (stroma cells) are found in increased
quantities. The processes of these cells contain portions of the rough
endoplasmatic reticle and bundles of cytoplasmic filaments (f). The
processes touch each other (short arrows) as well as basal processes of the
endothelial cells (long arrows) without developing specific zones of contact
(magnified 28,500). (Light-optical microscopy in insert — magnified 700
times)
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found. If the space between the two endothelial layers is somewhat
wider, two or more bundles of collagenous fibrils crossing each other
are to be found (cf. Fig. 29 A).

Within one bundle of fibrils there are variations of the diameters of
fibrils (ranging between 350 and 600 A). Upon closer examination
collagenous fibrils with irregularly orbed, or even serrated, cross-sec-
tions can be observed. Such fibrils (cf. Fig. 30 C) have been referred
to by the term dysplastic fibrils.

2.2.2. Other Fibrillar Elements

Using methods of both conventional and electron microscopy very
small quantities of fibrils reactive to elastica-stains may be detected
in the free portion of the valve. Close to the basal membrane of
endothelial cells, as well as in the stroma of the valve, bundles of
“elastic fiber microfibrils” are present (cf. Figs. 29 E and 30 A).

Tracing the internal elastic lamina of the venous wall, one realizes
that there is no connection to the sparse elastic fibers in the luminal
part of the valve.

After tannin contrasting, small and irregularly outlined electron-
dense areas of elastin can occasionally be visualized, mostly at the
luminal and parietal sides of the stroma and, less frequently, amid the
bundles of collagenous fibrils (cf. Fig. 29 D).

3. Discussion

So far there have been very few reports on studies of human and
animal venous valves by methods of electron microscopy; the only
paper presented in more recent times is Bdck’s comparative study of
arterial and venous valves (1975). A comparison of human valves
with those of the rabbit or the dog reveals correspondence with
respect to both their structure and the layout of cellular and fibrillar
elements.

As to the connective-tissue cells of valves, many of them - by virtue
of bundles of cytoplasmic filaments, which might correspond to actin
filaments — may be considered myofibroblasts.

The second type of cells differing from fibrocytes usually found, is
that of subendothelial “light™ cells. Such profiles were also described
by Hoff and Gottlob (1968) and, by methods of light-optical micros-
copy, interpreted as indications of endothelial regeneration. The
quantities of smooth muscle cells with continuously developed basal
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