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INTRODUCTTON

The purpose of this study is to elarify our information
concerning the morphology of eardiac lymphaties in mammals,
particularly the dog. 1In spite of many investigations, fhe
first begun about 1653, our knowledge of the lymphaties of
the heart is incomplete and inaceurate, and their deseription
in eurrent anatomical text and-reference hooks is brief and
faulty. A rather extensive literature on this subject reveals
a great variety of observations, many of them conflicting and
inadequate, so that the need for accuracy and elarifieation
definitely presents itself.

Tardiae lymphaties have usually been deseribed as com-
prising three groups of vessels. These lymph vessel groups
are named according to their locations and are the subepi-
cardial, the myocardial, and the subendocardial. The existence
of subepicardial lymphatics is well established and their dis-
tribution is fairly well known, but three entirely different
conceptions of myocardial lymphatics seem to exist which
obscure our knowledge of their actual morphology. Very
little is known concerning subendocardial lymphatics. Their
actual existence has been doubted by many investigators and
they have repeatedly been confused with the ramifications of
the Purkinje system.

1 The author is sincerely grateful to Prof. Paul 8. McKibben for the suggestion
of this problem and for his valuable advice and assistance, and to Prof. D. B.
MaeCallum for his many helpful suggestiong. Appreciation is also extended to
Mr. A. B. Streedain for his aid in the preparation of the illustrationa.
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HISTORICAT

The investigation of cardiac lymphaties probably had its
beginning with Rudbeck in 1653. According to Mascagni
(1787), Rudbeck was the first (o observe and deseribe any
such struetures. During his shuly of the lymphaties in the
dog, he dissected a few subepicnrdial lymphaties which were
scen to empty into some small mediastinal lymph nodes.

The discovery by Nuck in 1642, that lymphatics could be
dirvectly-injected with mercury opened the way for further
Iymphatic study. He was able by this method to fill a number
of the larger subepicardial lymphaties. His illustrations show
a number of lavge vessels well supplied with valves. A num-
her of years later Musschenbroek (1713), utilizing the direct
injection of air into the lymphatics, demonstrated subepi-
cardial lymphatics and described them as being dpuble valved.
Classebohm (1746) also inflated subepicardial lymphaties and
confirmed his findings by further dissection of the vessels.
Cruikshank (1786) collaborated with William Hunter and
published their findings after (he latter’s death. They im-
proved the method used by Nuck and for the first time injected
human subepicardial lymphaties. Blair (’25) states that some
of Hunter’s original specimens showing mercury filled lym-
phatics are preserved today in the ‘Hunterian Museum’ in
the University of Glasgow. Mascagni (1787) again utilized
the direct injection of mercury and obtained results quite
similar to those of Cruikshank.

Fohmann (1833) greatly advanced the study of lymphatics

by his discovery of the indircet or puncture method. His
procedure consisted of inscrting a canula into the myocardium
and forcing mercury into the lissues. The canula insertion,
he believed, mechanically ruptured the lymphatics and the
mercury passed from the tissues into the lymph vessels
through these artefacts. Utilizing this new method, he was
the first to fill small subepicardial lymphatic vessels and capil-
laries. TLauth (1830), a student of Fohmann'’s, was the first
actually to investigate the presence of subendocardial lym-
phatics. He injected mercury indirectly and, in the endo-
cardium of the horse, found a superficial plexus of large
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casily injected. Nevertheless, they deseribed a'piex?ls of ts,l%b_
endocardial lymphaties which extende(}weven in o1 11elat1}':o1-:
ventricular and semilunar valves. They coneludec 12
<. ... that is no noteworthy difference between ‘l‘ymphatlcs
of the epicardium and endocardium,”” and that S th:
heart is just as rich in lymphatics as other serosae or mucou
ranes.”’
meIEInel;le (1868) discussing the structure of heart musclle,
stated that intermuscular fissures and spaces convey lymph.
The term ‘Henle spaces’ has been used subsequently by many
authors to indicate similar structures. Conﬁrmmg H‘enle,
Schweigger-Seidel (1871) likened the myocardium t((i"a1 lyrE-
phatic sponge.” In the same year Wedl (1871) stu‘l.ec 1sul-
epicardial lymphaties in a number of mammals, paltl(iu arly
the sheep. He pointed out that in the horse these vessels may
be seen and identified by the naked cye. He was }-10wever, un-
able to demonstrate any subendocardial lymphaties. Skv:eu"t-
zoff (1874) using the indirect method found the m}_foca.rdmm
to contain endothelial lined lymph channels emptying into a
dense subepicardial lymphatic plexus. He, top, was not suec-
cessful in filling any subendocardial lymphatics. 'Skw(.)rztohw
(1874) using the same method as Skvart?off, clesc1'}be(1, in 1e
myocardium, intercellular and interfascml.llar }mhned lyrr}pl
spaces which empty directly into the subeplcardl.al lymphagcs.
He also stated that the subepicardial lymphah.cs are united
with the pericardial cavity by lymph spaces which p}e.l'ce t?.e
epicardimin. Bizzozero and Salvioli (1878), by the:u.lnvgsBL
gations, confirmed the results of Skva.rtzoff. Salvwh (187 1){
using the indirect method found a r-ich mte_rfascwular ne.ztwor
of lymph vessels in the myocardium which was c.on'tmuous
with the subepicardial network. Ile was unqble to injeet any
lymph spaces and stated that the cor.lceptlon of Tthe myo-
cardium as being a ‘lymph sponge’ was 1nc91'rect. I\avahchl'n
(1882) reported M. P. Kolsoff’s investigation don_e under his
direction. The indirect injection method was again used and
the results indicated that cardiac muscle fibers and blood
vessels were surrounded by lymph spaces.
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Sappey (1885) revived the method of djrect mereury injec-

tion and described an extensive plexus of subendocardial lym-
phaties which was united to the sﬁbepicardia] plexus by vessels
which passed between the muscle bundles of the myocardium.
His subendocardial plexus is a loose meshed extensive net-
work completely covering the walls of the ecavities, These
vessels were large enough in the horse and calf, the principal
animals investigated, to be seen easily with the naked eye and
readily cannulated and directly injected. Bianchi (1886),
returning to the indirect method, was unable to demonstrate
lined lymph vessels in the myocardium and contended that
lymph passed through the intermuscular clefts finally to be
absorbed by the subepicardial vessels.

Albrecht (1887) introduced a physiological method of in-
Jecting cardiac lymphatics. His procedure was to inject a
colored substance into the myocardium of the living heart,
maintaining that the spontaneous movement of the contracting
myocardium spread the injection mass. The myocardial net-
work disclosed was composed of capillaries which lay at right
angles to the long axis of the musele fibers and surroundec
cach individual fiber. They were loeated with the blood ves
sels within the ‘“Henle spaces’ and united with larger lympha-
ties also located there. In the same year Masini (1887) upheld
thé findings of Salvioli while two vears later Ranvier (1889)
stated, ““The mammalian heart can be considered as a lym-
phatic sponge the same as the heart of the frog is a blood
sponge.”  Laeroix (1891) found that silver impregnation
methods yielded the same vesults in the epicardium as did
injection methods. Renaut (1893), using the same methods
as did Lacroix, confirmed the latter’s findings and also de-
scribed a myocardial plexus of lymphaties surrounding muscle
bundles and emptying into the subepicardial plexus. In an
attempt to settle the then existing controversy between those
who described lymph spaces and those who desecribed lymph
vessels in the myocardinm, Nystrom (1897) employed the in-
direct injection method, a modified Golgi impregnation method,
and uninjected stained microscopic sections. - He arrived at
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the conclusion that there existed in the myocardium an 1nt{3r-
cellular and intracellular system of lyn'Jph spaces, and‘also
an endothelial limed vessel system. He 11‘1fe1'1‘ed., alt:hough i
demonstrated none, that open commumc'atlons ex1sfced b‘etwem{
the two systems. e also briefly described subep1carchal“an(1
subendocardial lymphaties and likened them to those describec
byBSoiip??E)S), whose findings are accepted and clfesc?{becl.111
most present day anatomical texts, employed the indir e(':t1 n-
jection method and alse pertused the blood vessels with z{
'differentl_v colored injection mass. His method was to kneac
the heart to remove blood from the coronary blood Vessgls
and replace it with a carmine gelatine 39111‘51011. He th‘el} m-
jected Berlin blue under heavy pressure into the myocmjdmm.
His description of lymphatics was hm1tpd to th.e myoca dium.
He asserted that the lymphatic capilla-rles. are similar to bl(.)od.
capillaries only more profuse and Varled'm s}lape. Acco?dmgi
to Bock, every musele fiber had paralleling it a lymph v (—isse
or two aud any spaces between muscle cells were pathologm.z}l.
Rainer (’08) studied the subepiczu‘diall1ymph.atlcs of t]}e afcua
and described principally their drainage into .medla.stl.n:ﬂ.
lymph nodes. Tn a later work (’09) he dGSCI'IbG(} s1m1vl_a1
studies of the ventricular lvmphatics and followed (’11) with
a comparative study in a number of mamr.nals. Ta}nasgsiu
(’08) described intervfascicular vessels Whlch’emptled into
subepicardial lymphaties and cited Severeanu (’06) as havmg
obtained similar results. Mouchet (’09). by means of. the in-
direct injection method, studied the drainage of cardiac lym-
phatics into mediastinal lymph nodes, and 'notec.l the presel‘lce'
of small lymph nodes embedded in the epicardinm overlying
the interventricular sulei. He found these small Ilymph nodes
quite readily in the dog and horse but was unable to locz}te
any in human hearts. He also disclosgd two subendocardial
lymphatic plexuses, one lying supe.rﬁcml to the other. T?le
superficial plexus was said to contain small Ve.assels. and form
a compact network. The deep plexus, de'scrlbed in greater
detail, was composed of large vessels which outlined sharp
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angled geometrical figures and possessed extensive ramifica-
tions. He made no mention of the Purkinje system but com-
pared his results favorably with those of Sappey. Aagaard
and Hall (’14) directly injected and described the Purkinje
system and described subendocardial lymphaties injected by
the indirect method. They stated that confusion between the
Purkinje injections and lymphatic injections does not exist
but that confusion between the lymphaties and veins is pos-
sible. The subendocardial plexus, according to these authors,
lies superficial to the Purkinje fibers, and, in part, parallels
them but no communications between the two systems were
found. By injecting the Purkinje system with mercury, they
were able to duplicate the findings of Sappey.

Cash (’17) investigated the lymphatics of the embryo pig
by the direet injection method. He found that cardiac lym-
phatics tool origin by two single vessels, one from the right
‘lymphatic duct, the other from the tracheal plexus. These
two vessels passed to the heart and gave rise to the subepi-
cardial plexus which reached its greatest density in the 60-mm.
stage. Not until the complete formation of this plexus was
reached, did any myocardial buds invade the musculature of
the heart. Cash also slightly modified and repeated Bock’s
experiments, and in the adult cat injected India ink into the
myocardium of the living anesthetized animal. His results
in the adult heart led him to believe that Bock described and
illustrated blood vessels and capillaries. He contended that
the myocardial lymphatics formed a well-woven plexus of
vessels, the smallest of which were larger than blood capil-
laries and that the lymphaties became fewer and fewer as the
endocardium was approached. He was unable to inject any
subendocardial lymphatics and said that all claims for such

_ a plexus were based upon partial injections of the bundle of

His.

Aagaard (’24) presented an extremely detailed study of
cardiae lymphatics in man and some animals. The direct
injection method was used. He described the subepicardial

plexus in detail and in some cases traced its drainage into
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the regional lymph nodes. The myocardial plei‘ms fwa;r s?;ld
to consist of an interfascicular plexths 1(()j1 vfeosft?E }fe (in Ox;t garig
jameters. The smaller vessels pavalleled, ' *
(tl}llzncll?rection of the muscle fibers aund were dram.ed §V 1:r%§z
vessels which accompanied blood vosse'ls fmd dral}ne ‘1r]13 ondo_
subepicardial lymphatics. His d.escrlptlon of Jflf. su ef o-
cardial lymphatics was a repetitl.on and elebgn_a 10'1;10Ha11
findings as previously published in collaboration w‘1. L n.
The subendocardial plexuses injected were located pr mcIlpath}er
on papillary muscles and on the ventricular s'eptuin. hn‘dae
animal hearts he found vessels which accompanied tlelc 01} joe
tendineae for short distances and als'o some vessels \\;}1119
passed from the base of the atrioventricular valve‘s‘ into d-e1(1;
Jeaflets, but in human hearts he could locate 1o col 1lespon 1n:
structures. He found that the subendocardial plexus wa
ra r the myocardial plexus. ' .
“ gl}?oelde 1?’28) inv};stigated the drainage of cardiac lyénpha}:flcls_
by means of indirect injections and also by. observa lons t rorl_
lowing infection. He injected st1:ept0c0c01 pyogfallles n; ;f
venously in rabbits, and, following the- establishmen ;
cardiac‘va.lvular lesions, examined the reg19nal lymph.nothgs
for enlargement and inflammation. He believed that in ‘ 11(s1
way he could determine which lymph noqe§ were concerne
with cardiac drainage. Kampmeier (’28.) 1n3ectfed humzu;l ef.x-
bryos and fetuses. He found two main cardiac lymp ta}xl ic
trunks. One arose from the pretrach.eal plexus and the o he1;
from the upper reaches of the thoracic duct. At 30 mrffl. l’i ey
reached the heart, the one from the pretracheal plex1fs fo dow1-:
ing the left coronary artery and the one from the thfﬁ a(:(? }Elecr
following the right coronary artery. At 4 months,. de l;biela
part of the surface of the heart had begn supplied by %rm£
phatics. Valves made their initial appearance gt the end o
the third month in the larger lymphaties and continued to f011-:1ﬁ1
in smaller vessels throughout the first part of the fourth month.
He found valves most numerous in ve'ssels on the anterl'or
surface of the heart, not so numerous in vessels on t}%e dlIa-
phragmatic surface and only a few in vessels of the atria. In

LYMPHATICS OF THE HEART 211
his disensgion coneerning the flow of lymph, Kampmeier be-
lieved the subepicardial lymphatie plexus fo be a reservoir
for lymph foreed from the myocardium during each systole
and that during each diastole the pressure of the expanding
heart against the pervicardium emptied this reservoir. He
believed, however, that valves were necessary because of the
action of the dilated pulmonary artery and aorta during
systole on the closely applicd lymphatic trunks leaving the
heart, and because of the suction action eaused by the relaxing
of the cardiac muscle fihers on the myocardial lymphaties
during diastole.

MATERIALS AND METHODS

The method deemed most snitable for the demonstration of
cardiae lymph vessels was the physiological type of injection
in which particulate matter, India ink (Higgins’ American
India Tnk), is injected into the muscular wall of the intaet
heart of a living animal. By (his method an altempl was
made first to inject the cardiae lymphaties in a manner which
wonld least aller the normal physiological activity of the heart
and its vessels and second simultancously to wutilize this
physiologic activity as an aid in filling the lymphatic vessels
and as a means of distributing the injected material wi
them.

Twenty-eight animals were used in all, four ‘abbits, four
eats and twenty dogs. Using a series of four animals, {wo eats
and two rvabbits, intramyocardial injeetions were attempted
without first opening the thoracie es vity., The animals were
anesthetized with ether. A thirty gange platinum irvidium
hypodermie needle, similar to the one used by Hudack and
MeMasters (’32) in their study of eutaneous Iymphatics, was
inserted between the fourth and fifth ribs near the left border
of the sternum into the heart. Slowly, and under mininmial
pressure, 0.05 to 0.10 cc. of India ink was injected into the
myocardium hy means of a syringe graduated to hundredths
of a cubic centimefer. The puncture and injection were ye-
peated a few times in order to cover as much of the sub-
adjacent myocardinm as possible. The animal was allowed

thin
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(o recover From the anesthelie, and after 2 fo 24 hours was
avain anesthetized.  The heart was removed and placed in
physiological saline at 37°C, Then a canula was tied into the
aorta and the covonary arteries were perfnsed with physio-
loaieal salt solution at 377" (maximal pressure 80 cm. TL.O)
i order to wash out hlood and any India ink which might
have entored the blood vaseular system.  The gnline perfusion
was stbsequently replaced with Ranvier’s Prussian blue solu-
tion so that confusion hetween blood vossels and lymphaties
would not result and fo make possible comparisons between
fhe two types of vessels. The aorta was fhen tied and the
heart allowed fo remain in the salt solution a few hours, fixed
in 109 Formalin for 24 honrs, methyl aleohol For 24 hours, and
finally preserved in Kaiserling’s solution. This method was
ot forund to be satisfactory beeause only the anfevior surface
of the heart could be approached and the exac position of the
tip of the needle could not be controlled.

The above procedure therefore was modified in a second
sories of animals composed of two vabbits and two ecats in
which the heart was exposed hefore injection. These animals
were anesthetized by the intraperitoneal injection of penfo-
harhotal (1 ee. of a 1 grain per cubic centimeter solution per
5 pornds of animal). The trachea was exposed and a tracheal
eamula insorted and connceted to an artificial vespiration
apparatus. This apparatus is a modification of the one de-
seribed by Van Lieve and Allen (728). The sternum was cut
in the midline from xyphoid process to jugular noteh and the
eut edees wore retracted.  The needle and svringe were the
same as those used in the fvst series. The tip of the needle
was inserted throngh the pericardium into the myocardium
and approximately 0.07 ee. of India ink was slowly injected
under minimal pressure. This was repeal edl in several other
places until all surfaces were injected. The animal remained
ander anesthiesia for about 24 hours when the heart was ve-
moved and the coronary arteries were injected as before.

This method proved more successful than the first, but the
vesults wore still unsatisfactory. The only lymphatics which

e
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contained India ink, as determined by gross inspection and
microscopic study, were the large subepicardial vessels. The
wnsatisfactory results were due to the size of the heart; the
thin contracting ventricular myocardium either forcing ghe
tip of the needle into the ventricular chamber ov ejecting it
from the heart. If the tip of the needle was maintained in
position by force, considerable trauma resulted. For the same
reasons, atrial injections were wholly unsuccessful.

Due to difficulties noted above larger animals, dogs, were
used in a third series of injections. Young animals of about
95 pounds were found best suited for study. In all, twenty
animals were used. The heart was exposed and injected as
before, exeept that the pericardinm was opened to permit
direct observation of the living heart during injection. Fur-
ther, the heart was removed immediately following the last
injection. The blood vesscls were washed with salt solution
and filled with Ranvier’s Prussian blue solution and the heart
was preserved as previously described. Kven in the larger
Liearts atrial lymphatics could not be demonstrated for the
same diffcultics were met here as in the smaller hearts—the
tip of the necdle could not be held within the atrial wall.
Necessarily, then, subsequent discussion will be limited to the
lymphatics of the ventricles. '

The description and study of the lymphatics were based on
gross morphology as seen in the preserved specimen, on micro-
dissection, and on thick and thin microscopical sections. Since
the gross morphology of these vessels is characteristic and
quite different from that of the blood channels, and because
histologic similarity between lymphaties and veins is pro-
nounced, thick microscopic sections (1 to 2 mm.) were pri-
marily depended upon for the study of myocardial lymphatics,
and gross and low power (X 10 to X 130) microscopic obser-
vation for the study of subepicardial and subendocardial
plexuses. Occasionally microdissection was utilized to demon-
strate more completely the continuity of certain vessels. The
color of the material found in any vessels could not always
serve to identify them as lymphatics or blood vessels. It was
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impossible to puuncture the myocardium and blindly inject
Tndia ink into it without rupturing and filling some blood
vesscls, and it was found impossible completely to wash out
every blood vessel by coronary perfusion. In a few instances
Prussian blue escaped from a ruptured blood vessel and
entered a ruptured lymphatic.

In order to avoid confusion between the terms ‘capillary’
and ‘vessel’ the distinction will be one of gross morphology
rather than of histology. The term ‘lymphatic capillary’ will
signify the terminal lymphatic unit of that particular region,
while the term ‘lymplatic vessel” will signify the channel or
channels which drain that terminal unit. To distinguish lym-
phatic capillarics from lymphalic vessels by histologic struc-
ture is impossible since even large lymphatie vessels which
drain cousiderable areas may possess a wall composed of only
a single layer of cells. To diffeventiate capillaries from ves-
sels by the presence or absence of valves is unsatisfactory
for valves may sometimes oceur in lymphatic capillaries.

DESCRIVTIVE
A. Observations in the living heart

When the tip of the needle was inserted into the myoeardinm
of the dog and a small quaniity of India ink injected, the
lvmphaties lying in the subepicardial connective tissue filled
{o a greater or lesser extent with ink whieh first appeared in
these lymphatics 3 to 45 seconds after the beginning of the
injection. The extent and chavacter of the vessels injected
showed considerable variation. In certain hearts, a few lym-
phatic capillaries and one or two main trunks were seen to fill
with a single injection, while at the same location in another
heart, an extensive lymphatic capillary network and a few
main trunks became visible. In still other hearts, similar
injections failed to fill any subepicardial lymphatics.

The location of that portion of the myocardium in which

the injection was made, modified the filling of the overlying

subepicardial lymphatics. The vessels overlying the apex
were the easiest to inject. From apex to base, filling of the
subepicardial lymphaties proceeded with increasing difficulty.
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Though the appearance of lymphatic plexuses at the base of
the ventricles was unusual, in a certain few, rather extensive
networks were seen to fill.

The depth to which the tip of the needle was inserted
hrought out some interesting facts. As might be expected,
the closer the tip of the needle was placed to the endocardium,
the fewer subepicardial lymphatics filled. If the needle was
placed too superficially the ink would spread interstitially
toward the surface, thus obliterating any vessels which may
have been injected.

It has been noted that the filling of the subepicardial lym-
platics was very rapid, 3 to 45 seconds after injection. Con-
firming the observations of Drinker and Field (’32) in the
lymphatics of the web of the frog, material injected into the
cardiac Iymphatics soon disappears, presumably being carried
away and dispersed by the flow of lymph. The time between
the first appearance of India ink in the subepicardial lym-
phatics and any appreciable disappearance of the ink from
these vessels was about 3 minutes. Within 10 minntes after
the initial appearance of the ink, numbers of vessels and
capillaries had completely vanished from view while others
were only lightly outlined by the adhesion of ink particles to
their walls and valves. A few capillaries not in the direct
line of Iymph flow often contained much ink. It was for this
reason that the dogs’ hearts were removed immediately upon
completion of the last injection.

B. Subepicardial lymphatics

1. Subepicardial lymphatic plezuses. The ink-containing
subepicavdial lymphatics lie in a single plane between the
myocardium and epicardium in the subepicardial connective
tissue. They are filled with or outlined by India'ink particles
which have been carried to them from the underlying myo-
cardium into which the ink is injected.

The subepicardial lvmphatic plexuses are formed by vessels
of quite irregular diameters and vary somewhat in morphol-
ogy. Although the networks present definite variations in
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different parts of the heart and in hearts of different dogs,
they genevally conform to a fundnmental scheme. The funda-
mental type (figs. 2, 3, 4 and 5) is a plexus composed of
straight parallel capillaries varying in diameter from 0.042
mm. to 0.228 mm. which ave joined together by narrower
capillaries, varying in diameter from 0.020 mm. to 0.176 mm.
They may pass at right angles or obliquely in joining adjacent
parallel capillaries, thereby forming rhomboidal or rectangu-
lar figures. The large parallel capillaries overlie the slight
depressions between adjacent musele bundles, accompany
small blood vesscls, and receive niferents from the underlying
myocardium. The smaller connceting vessels pass trans-
versely across the musele bundles. ' When two or more, usually
three capillaries converge, an irregularly shaped reservoir or
lake 1s occasionally formed (fig. 6). All the afferents and
cfferents of a rescrvoir are of nhout the same caliber.

The lymphatics of the anterior surface of the right ventricle
(fig. 7) and the apical regions (figs. 8 and 9) consistently
present variations from the fundamental type as seen in the
rest of the heart. TIn the former location the vessels are all
narrower and of nearly uniform diameter, averaging 0.051
mm. They tend to form parallelograms which give the plexus
a somewhat lattice-like appearance. Also in this location two
hearts contained ink-filled capillaries which formed a chain-
like plexus composed of oval loops of varying length. At the
apex, the networks, although conforming to the general type,
are composed of capillaries which are occasionally curved and
often quite irregular.

Other modifications in the fundamental type appeared in
several hearts. There was no regularity in regard to their
location. One of the more common modifications (figs. 6 and 8)
consisted of a plexus containing large meshes. The meshes,
bordered by large capillaries averaging 0.191 mm. in diameter,
contained fine capillaries whose diameters averaged 0.024 mm.,
and which originafted within the meshes and passed radially
to unite with the large bordering capillaries. They often
anastomosed with others of their kind, thereby subdividing
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the large moeshes into smaller ones. Modifieations oceur also
in the relation of the eapillavies to the subadjacent myo-
cardinm. T'he large paralle] eapillaries may cross the muosele
bundles fronsversely while the small uniting vessels overlie
the mterfuscieular depressions (fig. 9), or the vessels may
have no delinite relation to the conrse of the nnderlying
musele bundles.

The various groups of ink-filled plexuses are, in most enses,
counected to each other by anastomotic capillaries so that in
a completely injected specimen there would he a continnous
anastomosis covering the whole of each ventricle. No capil
lary plexus crossed fhe atrioventricular suleus, the anterior
intervenfricnlar snlens, the posterior interventrienlnr sulens,
or the left ventricalur margin, The lymphatie eapillaries con-
tain a few irregularly placed valves, which are found prinei
pally in the larger eapillaries,

2. Subepicardial drainage vessels. The subepieardial drain
age vessels are, as the subepieardial eapillaries, located in the
subepicardial conneetive tissue bofween the epicardinm and
the myoeardinm, and in all instances are associated with hlood
vessels. These lymphatics may be divided into five ovders of
vessels, The elussifieation of a vessoel depends upon the area
which that vessel drains rather than the size of the vessel
itself. For example, a vessol ( raining a given area is often
much smaller than another draining an avea of equal size.
Again, a single vessel formoed by the conversion of two vessels
usually has a greater diameter than either of the vessels from
which it arose, but frequently its diameter is no larger than
that of cither one of its tributaries. :

The drainage of the capillary plexus is similav in all cagos
(figs. 1, 10 und 11). The larger capillaries eonverge to form
single drainage vessels of the first order, whose diamoetor is
0.32 mm. These vessels accompany blood vessels toward {he
anterior and posterior interventricular sulei, and toward the
left ventricular margin where they converge to form vessels
of the second order whose averase diametor is 0.64 mm., and
which accompany the corresponding blood vessels, The ves-
sels which drain a given area lie along the same side of the
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blood vessels as their origin. They may continue to do so for
short distances, after which a lymphatic vessel lying on one
side of the blood vessels may cross them, usually superficially,
to anastomose with a similar vessel of the opposite side. In
this manner vessels of the third order whose average diameter
is 0.768 mm. are formed. The vessels of the third order are
named according to their location, the anterior and posterior
interventricular and left marginal trunks. These trunks may
remain on the same side of the associated blood vessels as the
plexuses from which they arise, or they may cross the blood

iy
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Fig.1 Diagram of the anterior and posterior surfaces of the dogs’ heart
showing the course of the principal lymphatic trunks. Vessels of the first, sccond,
third, fourth and fifth orders are indicated by the figures 1, 2, 3, 4 and 5.
Arrows indicate the direetion of lymph flow. X &.

vessels, again superficially, to gain the opposite side. In a
few cases the trunks form a loose meshed plexus surrounding
the blood vessels. In their course these trunks receive many
tributaries of the second order. On the left anterior surface
of the apex of the heart, the anterior and posterior inter-
ventricular and left marginal lymphatic trunks often anasto-
mose and form an irregularly shaped, large meshed plexus
(figs. 3 and 12).

In the dog, the entire heart is drained by one principal
coronary lymphatic, or vessel of the fifth order, which is
formed by the union of what may be called the right and left
coronary lymphaties or vessels of the fourth order (fig. 1).
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The formation of these vessels is variable, the most common
arvangement being as follows: The right coronary lymphatic
arises in the atrioventricular suleus a few millimeters from
the posterior interventricular suleus. Tt passcs to the right
margin of the heart; then curves anteriorly and passes to the
left in the same suleus as far as the base of the pulmonary
artery. THerce it leaves the heart and passes superiorly for
5 to 10 mm. on the anterior surface of that vessel. In its
course it receives tributaries of the first and second order
from the right ventricle. The left coronary lymphatic takes
its origin as the posterior interventricular trunk. It passes
from the posterior interventricular sulcus to the left atrio-
ventricular sulcus. At the left margin of the heart it receives
the left marginal trunk. It then passes to the anterior sur-
face of the heart still lying in the atrioventricular sulcus.
Here it receives the anterior interventricular trunk and leaves
the heart to join the right coronary lymphatic which lies on
the anterior surface of the pulmonary artery. These two
vessels thus form the principal coronary lymphatic. In its
course on the anterior surface of the heart the left coronary
lymphatic is overlapped by the left auricle. It receives di-
rectly a number of small tributaries of the first and second
order from the left ventricle. The diameters of the right and
left lymphatic trunks are usually equal, the average diameter
being 1.0 mm. In some instances the left lymphatic trunk is
somewhat larger than the right, in which case its diameter
may reach 1.4 mm. The diameter of the principal coronary
lymphatics varies between 1.0 mm. and 1.5 mm. The most
common variations which occur in the formation of the right
and left coronary lymphatics, are found in cases in which the
posterior interventricular trunk drains into either the right
coronary lymphatic or into both the right and the left coronary
lymphatics. The anterior interventricular trunk shows less
frequent variation. It may empty into the right lymphatic
trunk or pass directly to the common trunk formed by the
right and left coronary lymphatics. Occasionally the right
coronary lymphatic, instead of leaving the heart by passing
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.
dircetly on to the pulmonary arlery passes behind the aorta
to reach the pulmonary artery. [n a few instances the right
and left covonary lymphaties do not unite to form a single
vessel. :

The valves of the subepicardial drainage lymphatics (fig.
13) are numerous and located nl fairly regular intervals in
the larger vessels and trunks. In those vessels which contain
a small amount of ink, as particles which adhere to the vessel
walls and valves, the valves are beautifully outlined. When
the vessel is well filled with ink, the valves are only indicated
by constrictions between nodulnr swellings along the course
of the vessel.

. Myocardial lymphatics |

The India ink deposited in (he myocardium of the dog’s
heart with each injection was found in the intevstitial con-
nective tissue spaces surromuding the various structural ele-
ments of the myocardium. Ink-filled blood vessels and capil-
laries, and often one or more lymphatics were seen extending
from these arcas (figs. 14, 15 and 16). The lymphatics, made
visible by their ink content, were usually well filled and easily
identified. In most cases only (he short anastomosing vessels
appeared, but in a number ol instances extensive plexuses
were injected.

The myocardial lymphaties orm a loose meshed plexus of
three dimeusional proportions which is uniformly distributed
throughout the entive myocardium. This plexus (fig. 15) is
composed of vessels which lie in the interfascicular connective
tissue and swrround the muscle bundles. These vessels may
be divided into two groups. ‘I'he first group is composed-of
vessels which lie roughly parallel with the muscle fibers, while
those forming the second group pass transversely or obliquely
across the muscle fibers and unite the vessels of the first
group. Iach muscle bundie is paralleled by two to four
vessels and these vessels are united by the oblique or trans-
verse vessels at irregular inlervals of from 0.100 mm. to
0.800 mm.
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Although the diameter of each lymphatic is characteristi-
cally not uniform throughout its course, the myocardial plexus
as a whole is composed of vessels more or less similar in size.
Their avernge diameter is 0.045 mm. The lack of a uniform
diameter in these lymphatics causes them to appear well
valved, whereas actual valves are very scarce and their loca-
tions not predictable.

The larger myocardial blood vessels are accompanied by
one or two anastomosing lymphaties (fig. 14) or are sur-
rounded by a plexus of lymphatiecs. These lymphatics are no
larger than any other myocardial lymphatics and cannot be
considered as drainage vessels. Although they accompany
blood vessels, they participate in the formation of the myo-
cardial plexus and their relation to the blood vessels is similar
to the relations of a group of lymphatics to a bundle of muscle
fibers.

Commuuications of the myocardial plexus with the sub-
endocardial and with the subepicardial plexuses (figs. 14 and
16) are similar. The myocardial plexus receives short com-
municating branches from the subendocardial plexus. They
arise at fairly regular intervals from the subendocardial
plexus and pass superficially between the Purkinje fibers, then
between the innermost muscle bundles of the myocardium and
enter the myocardial plexus. In their course they pass trans-
versely across the Purkinje fibers and the innermost muscle
bundles aud give no communication to either. From that
part of the myocardial plexus lying just below the most super-
ficial layer of muscle bundles, short vessels pass between the
bundles directly to the surface and empty into the subepi-
cardial lymphatic capillaries which overlie the interfascicular
depressions. Often two or three communicating vessels unite
just before entering a subepicardial capillary. Those lym-
phaties which accompany blood vessels often continue with
them to the surface and empty into the larger subepicardial
lymphatics.

Since, in the dog’s heart, the vessels forming the myo-
cardial lymphatic plexus contain few valves, because they give
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off no twigs which penetrate the muscle bundles and do not
form trunks, and for the most pavt empty into the subepi-
cardial lymphatic capillaries, the cutire plexus may be said
{0 be composed of lymphatic capillaries.

D. Subendocardial lymphatics

In the dog’s heart, subendocardial lymphatics, located in
(hose areas of the subendocardium lining the smooth myo-
cardial surfaces were easily injected, whereas none were dem-
onstrated in those parts of the subendocardium roughened by
numerous trabeculae carneae although repeated attempts
were made to inject them. The subendocardial areas success-
fully injected were directly associated with the longitudinal
musecle columns of the left ventricle, the septal wall of the
right ventricle and the papillary muscles of both ventricles.

The subendocardial lymphatics were found to form plexuses
which occupy a single plane parallel to the endocardial sur-
face, their depth in the subendocardium depending on their
regional location. The plexus on the surface of the longi-
tudinal muscle columns of the left ventricle and that on the
papillary muscles is located in the layer of loose connective
tissue between the middle layer of dense elastic fibers and the
lining endothelial cells, while the plexus of the right ven-
tricular septal wall is found in the layer of loose elastic fibers
deep to the middle layer of dense elastic fibers. The lym-
phatics were in all instances situated between the lining endo-
thelium and the Purkinje fibers. In no instance was any
communication found between the subendocardial lymphatics
and Purkinje fiber sheaths. '

The subendocardial lymphatic plexuses on the longitudinal
musele columns of the left ventricle (fig. 17) are characterized
by the uniformity in size of their constituent vessels and the
uniformity in the density of the plexus itself. The average
diameter of the vessels is 0.040 mm. and each vessel usually
maintains the same diameter throughout its length. These
lymphatic vessels tend to form elongated meshes whosc long
axes lie transversely to the long axis of the related longi-
tudinal muscle columns. The length of each mesh is about
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(hree times its diameter. All of the lymphaties of these arcas
participate in this plexus formation, no colleeting trunks,
formed by conyerging yessels, being found. In no instanece
did any lymphatie leave a plexus to accompany a trabeeula
eormen which was attached to the muscle column.  Many short
Jymphaties were seen to originate blindly within the meshes.
The blind beginnings were usually ronnded and often dilated
and bulb-like. Microseopie examination and microdissection

proved them to he actual beginnings and not incomplete in
jections terminated by a valve. In Facl no valves were found
in any plexus overlying the longitudinal musele columns,
Lymphatics in the endocardinm covering papillary museles
(figs. 17 and 18) are, in general, similar (o those overlying
longitudinal muscle columng.  The vesscls forming these plex-
uses, in some instances, hecome slightly smaller in diameter
as they approach the apex of the papillary muscle.  Their
average diameter ig 0.032 mm., and they form a more irregn-
lar and smaller meshed plexus.  The meshes of these plexuses
are, as a general rule, of an elongated type and fraverse the
long axig of the papillary musele. In a few instances single
vessels which were found to be continuous with the plexus on
the papillary muscles, accompanied the chordae tendineae for
a few millimeters, but were never found to pass beyond the
first third of the distance between papillary muscle and valve
leaflet. As in the plexuses on longitudinal muscle columns,
these also contained short blind vessels, and were without
colleeting vessels; however, an occasional valve was seen,
The morphology of the subendocardial Iymphatie plexus of
the septal wall of the right ventricle (fig. 19) differs greatly
from that of the other subendoeardial plexuses. The vessels
of this plexus vary greatly in diameter, ranging from 0.224
mm. to 0.035 mm. No uniform pattern exists in the arrange-
ments of these vessels, the meshes formed being of irregular
shapes and sizes and the course of the vessels having no defi-
nite relation to the directions of the muscle fibers of the
septum. Here again, no collecting trunks were found, but
individual vessels in some instances, were quite long. Also,
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as in all the other subendocardial plexuses, blind vesscls were
injected, and as in the papillary muscle plexuses, a few valves
were seel.

The communications between the subendocardial plexuses
and the myocardial plexus (fig. 16) is by way of short vessels
which leave the subendocardial plexuses and pass directly
into the myocardium where they anastomose with the myo-
cardial Iymphaties, The dinmeters of 1he communicating
vessels are approximately the same as the diameters of the
subendocardial vessels from which they arvise,  All attempfs
to inject lymphatics which may exist n the atrioventricular
vitlves proved unsnecesstul.

One may conelude that in the dog, subendocardial Ivmphatic
plexuses are composed entively of lymphatic capillaries. They
do not converge to form colleeting (rinks, possess few valves,
and drain into the myocardial plexns, which has been shown
to be composed entirely of lymphatic capillaries.

DISCUSSION

That a subepicardial plexus of lymphatics exists has been
well established by a number of investigators. They all agrec
that these vessels lie in the subepicarvdial connective tissue
and that the Jarger trunks accompany the blood vessels.
However, there is lack of agreement regarding the patterns
outlined by small lymphatic vessels and capillaries and their
relations to the underlying myocardium. To acecount for these
minor differences, one must consider the variations between
hearts of the same species and between hearts of different
species.  Another important factor is the variable degree of
distortion of the subepicardial plexus by active contraction
and by shrinkage of the closely related myocardium. 1If, for
example, one heart is placed in a fixing solution before rigor
mortis sets in, another during rigor mortis, and a third after
rigor mortis has passed off, the first contracts violently due
to the irritation of the living musecle by the fixative, the second
is only slightly modified because it is already in a contracted
state, and the third is least modified because it is not in a
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contracted slate and because it is no longer irritable, since
it is dead. Ixperience has also shown that if a heart 1s cut
open for endocardial examination or injection hefore lixation,
greater conlraction and shrinkage distortion will result than
it il ig immersed in the fixative in the unopened state. It i3,
therefore, readily seen why one anthor may describe a plexus
outlining squares or vectangles, while another will deseribe
rhomboids and why the relations of these vessels to the muscle
fibers are not similarly deseribed by all investigators.

As to the nature and extent of the myocardial lymphaties,
there has heen considerable controversy. Some describe un-
lined lymph spaces, some a capillary network surrounding
individual musele fibers, while others deseribe an interfascicu-
lar network of endothelial lined vessels. If a canula o hypo-
dermic needle is plunged at random into the myocardium, and
an injection mass is forced into the tissues, as is the procedure
in the direct injection method, the vesult will be a spreading
of the injection mass within the connective tissue in the inter-
stitial tissue spaces survounding blood vessels and muscle
fibers. This injection mass will then mix with the normal
tissue fluids and be further dispersed. Also, in this type of
procedure, it is impossible to avoid rupturing numerous blood
vessels and capillaries and some lymphatics. The injection
mass, which is under the pressure of the injection and the
pressure of muscular contractions in the ease of the beating
heart, will be forced into the ruptured vessels and partially
1l them. I thin microseopie sections of the ahove deseribed
areas arc studied, the orderly arrangement of muscle fibers,
connective tissue, and shrinkage artefacts, may cause the in-
jection filled areas surrounding these structures to appear
somewhal like a well-organized channel system. This, in addi-
tion to the fact that cardiac lymphatics are difficult to dis-
tinguish histologically from veins, the only difference being
that the lymphatics contain valves while the veins, as first
pointed out by Schweigger-Seidel (1871), contain no valves,
may cause the investigator to deseribe unlined lymph spaces.



020 PAUL K. PATEK

o distinguish lymphaties from blood vessels, 1t 1s necessary
(o study thick sections under low magnification. These sec-
lions should be at least 1 to 2 mm. thick. On such scctions it
is possible to identity the vessel systems Dby their morpho-
logical pattern rather than by the cellular structure of their
walls. To aid in the identification of these systems, the blood
vossels may he perfused with a solution of diffevent color than
(he injection mass. Although the ditferent colors may help to
<ome extent, it is impossible to rely on color alone, because
the removal of all of the injection mass from blood vessels
and the perfusion of the entire blood vascular system is im-
possible. Further, the perfusion fInid may pass into the lym-
phatics by diffusion or through rupture; and the injection
mass may leave the lymphatics and enter the blood vessels.
Bock (’05) attempted to identify lymphatics by color differ-
ontiation, but made the error of first perfusing the blood
vessels. As has been shown, it would have been impossible for
him, using the indirect method, to avoid rupturing and filling
hlood vessels with the injection mass, thus displacing the per-
fusion fluid. His description, consequently, is that of blood
vessels and not lymphatics, and most of his llustrations are
of typical blood vessels and capillavies. Cash (’17) found, in
the living heart, that the closer to the endocardium the injec-
tions were made, the fewer subepicardial lymphatics were seen
to fill. From this observation and microscopie study, he con-
cluded that the myocardial lymphatic plexus becomes increas-
ingly less dense as we approach the endocardium. Observa-
tions during injection in the living heart have confirmed many
of Cash’s findings, but myocardial lymphatics have been found
to be as dense in the depths of the myocardium as near its
surface. Mo explain why subepicardial vessels are not filled
when deep injections are made, one must consider the pressure
necessary to fill vessels of such small diameter from a needle
of comparatively large diameter. Further the increased re-
sistance offered by the longer more irregular deep myocardial
vessels and the increased vessel bed involved, must be taken
into consideration. Cash’s observations were made on hearts
which were allowed to beat for 2 to 3 hours after the injection.

|
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Such a long time interval after the injeetion must definitely
alter the picture as it has been shown that the lymph flow
washes the injection mass from the lymphatics in a fow
minutes.

The salisfactory injection and identification of subendo-
cardial lymphatics requires an adequate method of injection,
a considernble knowledee of the finer ramifications of the
Purkinje system, and a method of digtinenishing veins from

lymphatics. The usual method of injecting subendocardial
vossels is to open the excised heart and repeatedly imject
colored substances through the endocardium into the sub-
endocardial comnective tissue. In this investigation better
success was obtained in the dog’s heart if the injections were
made in the living heart, the needle being inserted through the
myocardium to the subendocardium.

Before the discovery of the true nature of the Purkinje
system and its sheath, its ramifications were often taken for
lymphaties. The earliest desceription of subendoeardial lTym-
phatics, as previously noted, was by Lauth (1830) who de-
seribed a plexus consisting of two independent layers, one
superficial, the other deep. Considering that no communica-
tions werc found between these two plexuses, it may be
assumed that he injected two distinet systems. The deep
plexus, beeause of its location and relation to the myocardium,
is readily vecognized as consisting of ramifications of the
Purkinje system, while the superficial plexus, so briefly de-
seribed, is possibly composed of lymphaties or subendocardial
veins. The first recognition of the possibility of ervor in the
identification of lymphatics was by Eberth and Belajeff in
1866, Lefore the discovery of the Purkinje system. In their
report on cardiac lymphatics, they state that in the subendo-
cardium, particularly of the calf, ‘‘Nets of fine grey threads
which contain principally short musecle cells can under certain
circumstances cause confusion. If one should puncture such
a thread, he can succeed very easily in driving air or colored
injection mass in long stretches through the entire net.”” With
this knowledge to guide them they described and illustrated
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vessels whieh they stated were similar o myocardial and sub-
endocardial lymphaties, so that there is good evidence that
(hey actually injected and deseribed subendocardial lym-
phaties.

Sappey’s (1884) descriptions of subendocardial lymphaties
are undoubtedly descriptions of the Purkinje system. In their
study of the Purkinje system, Aagaavrd and Hall (’14) injected
merewry into the Purkinje sheaths awd the result was a dupli-
cation of Sappey’s findings. Nystrom only briefly deseribed
subendocardial lymphalics, and since he thought that he con-
(rmed Sappey’s findings, they were probably not lymphatics
hut Purkinje fibers. Mouchet (’09) although familiar with
Sappey’s work, did not rvecognize {he latter’s errors even
(liough the morphology of the Purkinje system and its sheath
was known at that late date. His deseription of deep sub-
endocardial lymphatics is similar to Sappey’s and therefore
is questionable. His description ol a superficial subendo-
cardial lymphatic plexus, however, ix possibly a description
of lymphatics. Aagaard and Hall (’14) who injected and
studied the Purkinje system as well as endocardial lymphatics
were well qualified to distinguish between the two systems.
Their method of injection was similar to Iberth and Belajeff’s
and microscopic study supplemenied gross observations.
Their descriptions were unquestionably of lymphaties and
their photographic illnstrations conclusively prove that they
injected subendocardial lymphatics. Cash (’17) was unable
to inject any subendocardial lymphatics and concluded that
all descriptions of such vessels were probably descriptions of
the Purkinje system. When one considers the difficulty en-
countered in placing the tip of the injection needle near the
endocardium of the relatively large living dog’s heart, it is
likely that hie was unable to control the position of the tip of
the necdle in the comparatively thin myocardium of the living
cat’s heart.

The mechanical factors involved in the flow of lymph from
the myocardial to the subepicardial lymphatics and from the
subepicardial to the main external drainage lymphatics are
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well explained by Kampmeier (’28). He contends that the
subepicardial lymphatic plexus acts as a reservoir which re-
ceives lymph from the myocardial vessels with each contrac-
tion of the myocardium and that during diastole the expanding
heart against the pericardium forces the Iymph from the sub-
epicardial lymphaties into the main vessels draining this
plexus. The finding, in this investigation, of comparatively
large lakes at the junctions of many of the subepicardial
lymphatics would lend support to his belief that this plexus
of vessels acts as a reservoir. It may also be stated that the
pressure of the blood filling the heart cavities during diastole
would foree lymph from the subendocardial lymphaties into
the myocardial lymphatics.

It may be concluded from the above that differences in the
descriptions of the morphology of the subepicardial lympha-
tics are due to normal variations in this plexus and to dis-
tortion and shrinkage artefacts. Regarding the myocardinm,
it is readily seen that the so-called unlined lymph spaces are
only ink-filled tissue spaces or shrinkage artefacts; and fur-
ther, plexuses of small vessels surrounding individual muscle
fibers are in reality blood capillaries; while true myocardial
lymphaties form an interfascicular plexus of vessels which is
uniform in density throughout the myocardium, and whose
vessels have greater diameters than blood capillaries. - It has
also been shown that a subendocardial lymphatic plexus actu-
ally exists in the subendocardium. This plexus may be in-
jected in the living heart or in the opened excised heart and
is readily differentiated from the Purkinje system which has
often been injected and erroneously identified as a lymphatic
plexus. It may also be concluded that mechanical factors,
active during both systole and diastole, are responsible for
the flow of lymph within and from the heart.

SUMMARY

1. In the dog the subepicardial lymphatics consist of capil-
laries and drainage vessels, a) The subepicardial lymphatic
capillaries form continuous plexuses which cover the whole of
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ench ventricle. These plexuses are made up of both large and
small capillavies. The large capillavies overlie the interfas-
cienlar depressions formed by the most superficial layer of
musele bundles, receive atferents from the myocardial plexus
and converge {o form drainage vesscls. The small capillaries
cross the muscle hundles and unite adjacent lavge capillaries.
1) The drainage vessels in all cases accompany blood vessels.
ey may be divided into five orders cepending nc_)t so much
upon their size, but on the size of the area dramned. The
vessels of the first order drain the capillary plexus and re-
ceive a few lymphatic capillaries from the myocardial plexus.
Three or four of these vessels unite and form drainage vessels
of the second ovder. A number of drainage vessels of the
second order unite and form drainage vessels of the third
order, and so on, until a single trunk which drains the entire
heart leaves it hy passing on to the antevior surface of the
pulmonary artery.

9. The myocardium possesses a lymphatic plexus uniform
in density from subepicardium to subondocardium. It is com-
posed entirely of lymphatic capillarics, the smallest of which
is about three times the diameter of myocardial blood capil-
lavies. These lyvmphatic capillaries lic in the interfascicular
connective tissue and surround musele bundles and accompany
blood vessels. No collecting trunks are present in the myo-
enrdinm. The drainawe of this plexus is principally by short
capillaries which pass directly into the subepicardial eapil-
laries. Those lvmphatic capillaries which aceompany blood
vessels also participate in the plexus formation. Capillaries,
however, may continue with the blood vessels to the surface
and empty into the small subepicardial drainage vessels of
the first order.

3. The subendocardial lymphatic plexuses, similar to the
myocardial lymphatic plexus, are composed entirely of lym-
phatic capillaries. They lie in a single plane parallel to the
surface of the endocardium and are always between the endo-
cardium and the Purkinje fibers. Plexuses were injected only
beneath those surfaces which are smooth. In no subendo-
cardial avca roughened by numerous trabeculae carneae were
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any lymphatics found. The areas injected were related to the
longitudinal muscle columns of the left ventricle, the papillary
musecles of bhoth ventricles and the septal wall of the right
ventricle. The plexuses lying on the longitudinal muscle
columns of the left ventricle and the papillary muscles are
uniformly dense and are characterized by elongated meshes
whose long diameters cross the musecle fibers transversely.
The subendocardial plexus of the septal wall of the right
ventricle is composed of large and small capillaries and the
meshes are very irregular in both size and shape. All plexuses
possess numerous short. blind capillaries. The communica-
tions between these plexuses and the myocardial plexus are
by means ol short capillaries which pass directly into the
myocardium. Lymphatic capillaries, continuous with the
papillary muscle plexuses, were seen to accompany the chordae
tendineae for a few millimeters. Injections into the atrio-
ventricular valves failed to demonstrate the existence of lym-
phatics within them.

4. Cardiac lymphatics in no instance communicated with
the sheaths surrounding Purkinje fibers. The relation between
lymphatics and Purkinje fibers is similar to that between lym-
phatics and bundles of muscle fibers.

5. Valves are quite numerous in the subepicardial drainage
lymphatics. However, only a few scattered valves were found
in the capillary plexuses of the subepicardium, myocardinm
and subendocardium, with the exception of that part of the
subendocardial plexus which is related to the longitudinal
muscle columns of the left ventricle. In this particular plexus
no valves were found.

6. The flow of lymph in the cardiac lymphatics was found
to be quite rapid. India ink injected into the myocardium of
the living heart appeared in the subepicardial lymphatics
within a few seconds. Within 3 minutes after the injection,
the ink in the subepicardial lymphaties had appreciably dimin-
ished, presumably being washed away by the lymph flow.

7. From the above reported observations concerning the
lymphatics of the dog’s heart, the normal flow of lymph in
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and from that organ conld be oxplained as resulting from the
pressure exerted on the lymph vesscls during both systole
and dinstole. It seems probable that the pressure of the hlood
i the ventricle during diastole drives lyvmph from the sub-
endocardial lymphaties into the myoeardial lymphatics. Dur-
ing systole the contraction of the myocardium, as pointed out
Iy Kampmeicr, probably forces {he lymph from the myo-
cardinl Ivinphaties into the subepicarvdial lymphatics aud the
pressure ol the dilated heart against the pericavdinm foward
the end of diastole may reasonably he expected to drive the
lymph from the subepicardial lymphatics into the main lym-
phatie trunk leaving the heart.

LITERATURE CITED

AagaARD, O. €. 1924 Les vaisseaux lymphatique du coeur chez I’homme et chez
quelques mammifeéres. Levin and Munksgaard, Copenhague,

Aagaarp, 0. C, axp I C. Ilann 1914 Injektionen des ¢« Reizleitungssystems’’
wnd der Lymphgetisse des Siingetierherzens. Anat. Hefte, Bd. 51,
S. 35725,

Agsrecnir, B. 1887  Anatomische, histologische, physiolugische Untersuchungen
{iber die Muskulatur des Endoeardium bei Warmblitern. J. Abel,
Griefawald.

1903 Der Hertzmuskeln und seine Bedeutung fir Physiologie,
Pathologie und Klinik des Herzens. J. Springer, Berlin.

Brancui, S. 1886 Nuove richerche sui lintatici del cuore. Lo Sperimcntale,
Firenze, vol, 58, pp. 376-386.

Bizz07ERO, G., AND G. SaLviour 1878 Studi sulla struttura e sui linfatici delle
gierose umani: della plura e del perieardio. Arch. per le Se. Med.,
vol. 11, pp. 247-266.

Brair, D. M. 1925 The lymphatics of the heart: a Hunterian memorandum.
Glasgow M. J., vol. 103, pp. 363-367.

Bock, H. 1905 Die Lymphgefiisse des Ilerzens. Anat. Anz., Bd. 27, S. 3341

Casi, J. R. 1917 On the development of the lymphatics in the heart of the
embryo pig. Anat. Ree., vol. 13, pp- 451464,

Cagseporin, J. . 1746  Methodus seeandi, oder deutliche Anweisung zur anato-
mischen Betrachtung und Zergliderung des menschlichen Cérpers. J. J.
Schiitz, Berlin.

CRUIKSHANK, W. 1786 The anatomy of the absorbing vessels of the human
body. G. Nicol, London.

DriNkER, C. K., axp M. E. Fierp 1932 Lymph capillaries in the web of the
frog. Am. J. Physiol, vol. 100, pp. 642-649.

EserTH, C. J., AxD A, BELAJEFF 1866 Uber die Lymphgefisse des Herzens.
Virchow’s Archiv, Bd. 37, 8. 124-131.

LYMPHATICS OF THE HEART 233

TomaaNy, V. 1883 Mémoire sur le vaissenux Iymphatiques de la peau, des
membranes muquenses, screusces, du tissu nerveux et museulaive. J.
Desoer, Lidge.

Gurur, B, ¥, 18+t Handbuch der vergleiehenden Anatomic der Haussiingetiere,
5th ed., 1873. A, Hirschwald, Berlin.

HMexLE, J. 1868 Ilandbuch der system Anatomic des Menschen, Gefisslehre,
Ba. 3, Aufl. 2. F. Vieweg u. Sohn, Brannschweig. )

s, W. 1863 Uher dic, Wurzeln'der Lymphgefiisse in flen IMiiuten des IXorpers

’ und iiber die Theorien der Lymphbildiung. Zi f. wiss. Zool., Bd. 12,
S. 223-2054.

Hupack, S. S, anp P. D. McMasrer 1933 The Iymphatic participation in
human eutancous phenomena. J. Exp. Med., vol. 57, pp. 751-774.

KAMPMEIEER, (). . 10258 On the lymph How of the human heart, with roferenee
to the development of the chonnels and the firat appeaeioes, (istrilin-
tion, und physiology of their valves. Am, Heart J., volo 4, ppe 210--222

Lacrorx, B. 1801 Contribution & 1'histologie normale ot patliologiyue (it péris
carde. Thése de Lyon, no. 587.
Lavri, E. A, 1830 Lymphatiques de la tunique interne du coeur. Mémoires
de ln Soc. d’histoire naturclle de Strasbourg, T. 1, Ire livraison, Paris.
LeyH, Fr. A. 1859 Handbuch der Anatomie der Haussiugeticre mit besonderer
Briicksichtigung des Pferds, Aufl. 2. Ebuner u Scubert, Stuttgart,
H. Laupp, Tiibingen.
Luscrka, H. 1863 Anatomic des Menschen. Bd. 1, zweite abthlg. Laupp u.
Seibeck, Tiibingen.
Mascaent, P, 1787 Vasorum lymphaticorwm corporis humani historia et ichono-
graphia. P. Carli, Senis.
Masing, O. 1887 Sui linfatici del cuore. Arch. per le Se. Med., vol. 11, pp.
359-366.
MoucHuET, A. 1909 Les vaisseaux lymphatiques du covur chez 1’homme ot quel-
ques mammiféres. J. de 1’Anat. et de la Pliysiol, T. 45, pp. 423405,
MusscrENBROEK, P. 1715 De adris praesentia in lumoribus animalibins, S
Luchtmans, Lugd. Bat.
Navanicuwy, J. G, 1882 Uber das lymphatisehe System des Tlerzmuskels.
Beitrago zu den Protokollen der Gesellschaft der Naturforscher an der
kaiserl. TUniverstiit in Kasan. No. 62.
Nuck, A. 1692 Adenographia curiosn et uteri foemenei anatome nova. Appen-
dix: Do inventis novis cpistola anatomica. J. Luchtmans, Lugd. Bat.
NvysTrROM, G. 1897 Uber dic Lymphbahnen des Ilerzens. Arch. f. Amat. u.
Physiol, u. Entwick., S. 361-378.
RAINER, Fr. J. 1908 Contribution & 1’étude des Iymphatiques superficicls du
cocur. Comptes rendus Soc. Biol. de Paris, T. 65, pp. 245-240.
1909 Nouvelle contribution i 1’étude des lymphatiques superficicls
du coeur. Comptes rendus Soe. Biol. de Paris, T. 67, pp. 311-312.
— 1911 Te systeme Iymphatique du coeur. Ltude d’anatomie com-
parée. Ann. de Biol, T. 1, pp. 60-89 265-272.
Ranvier, L. 1889 Traité technique d’histologie, 2° ed. TF. Savy, Paris.
REvauT, J. 1893 Traité d’histologie pratique, T. 1. Lacrosnier et Babé, Paris.



234 PAUL R. PATEK

Rupsrex, O. 1633 Nova exervitatio anatomin exhibens ductus hepatico aquosos
et vasa glandularum serosa, nnne primum inventa, aeneisque figuris
delineata. Lauringerus, Buchar.

SanvioLT, G. 1878 Sulla struttura e sui linfatiei del cuore. Arch. per le Sc.
Med., vol. 2, pp. 378-386.

Sarrsy, P C. 1885  Anatomie, physiologie, pathologie des vaissenux lympha-
tiques, considérés chez 1’homme ol chez les vertebrés. Delahaye et
Leeroshicer, Paris.

G1WEIGGHR-SEIDEL, F. 1871 Das Herz: Siricker’s Handbuch der Anatomie.
W. Engelmann, Leipzig.

SEVEREANU, (f. 1906 Lymphgefiisse des Ilorzens. Soc. Ues Med. ct Natur. de
Jassy, T. 26. (Cited by Tanasescu.)

Snowrs, L. R 1928 Lymph drainage of henrt; preliminary communication. J.
Anat,, vol. 62, pp. 125-129.

sivorzorw, I 1874 Materijali dlja anatomnii i histologii serdtsa i ego obolochek.
St. Petersburg.

Skworzow, J. 1874 Zur Histologie des Herzens und seiner Iliillen. Bericht
iiber do physiologischen und hislologischen Mittleilungeﬁ aus der 4.
Versammilung russiseher Naturforscher zu Kasan, Pfliiger’s Archiv,
Bd. 8, 8. 611-613.

"TaNASESCU, J. G. 1908 Sur la topographic des vaisseaux Iymphatiques du coeur.
Bibliographi Anatomique, T. 17, pp. 244-247.

TrICHMANN, L. 1861 Das Saugadersystem. W. Engelmann. Leipzig.

VAN LIERE, E. J., anp R. 8. ALLEN 1028 Simple artificial respiration apparatus.
J. Lab. and Clin, Med., vol. 13, pp. 665-667.

wepr, C. 1871 Ilistologiseche Mitteilungen. 3. Uber dic Lymphgefisse des
Tlerzens. Weimer Akadamieberichte, Bd. 64.

PLATES

TILE AMERICAN JOURNAL OF ANATOMY, VOL.

64, NO. 2



PLATIE 1
EXPLANATION OF FIGURES

Figures 2 to 13 inclusive and 17 to 19 inclusive are actual unretouched photo-
graphs.  Figires 14 to 16 inclusive are eamera lueida drawings of thick micro-
scopic seetions,  IMigure 20 is a schematie drawing based on a large number of
thick microscopic sections,

2 Left posterior view of left ventvicle showing injected subepicavdial 1ym-

phatic capillary plexus. Dog. X .

3 Right posterior view of left veutricle showing injected subepicardial Iym-
phatic eapillary plexus, and a plesus of lrge drainage vessels.  Dog. X 3.

4+ Enlavgement of subepieardinl Iymphatie plexus illustrated in figure 2. Dark
area, lower lel't iy extravasation of ink around point of injection. The India ink
in plices has permeated the walls of the Iymphatics obliterating their exact
outline.  Dog. X 21,

S Enlargement of subepicardial Ivmphatie eapillary plexus illustrated in figure
3. The dark area above is due to the extravisation of ink around the point of
injection. The dmk avea below is due to the infiltvation of ink through the
myocardinn to the surtace. Dog. X 21.

G Inlargement of subepieardial lymplatie eapillavy plexns on the posterior
surface of fhe right ventricle illustrated in figure 110 Two subepieardial lym-
phatie reservoirs have been injeeted.  Dog. X 7.

7 Enlirgement of subepicardial Ivmphatic eapillary plexus on the anterior
surface of the right ventriele illusteated in figure 10, The lattice-like arrange-
ment of this plexus is eharacteristic of the region.  Dog. X 44,
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S Enlargenent of the subepicandinl I.\'|n|le:|liv eapillary plexus on the anlerior
aorfaee of the apex ot the Teft ventricle instrated in tigwre 100 This plexus is
d example of the tope o which small <':|lxill:ni('s suhdivide Targe meshes formel
by Large capillaries. Dogo 30

G Enlvgement of the subepicarvdial Ivmphatic capillary plexus on the poste-
rior surtace ol the apex of The left ventriele illustrated i figure 110 The Tavge
capillavies in this plesus cross (imsversely the fibers ot the anderlying mivo-
coardinm. Dogo 00t

10 Anterior view of the heart showing  subepicirdinl Ivmphatic eapilloy

plesnses and drainnge vesselss Dows 3L
L1 Posterior view of the same heart illustented in tigure 1000 Doge 39

12 A plesas of Targe subepicardial dinage vessels loeated on the anlevior
airfier of the apex o the left ventricle. Dog, X T

13 Valves outlined by ink in darge deninnge vessels, Dogo o X7
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PLATE 5
EXPLANATION OF FIGURE

L7 Subendocardial lymphatic plexnses on the longitudinal nwsele bundles and
papillary musele of the anterior wall of the left ventriele.  Enlarged views
1A and B) show the details of the plexnses. Dog. X 7 and X 14,
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