
In my recent study1 on the musculature of the adult human 
heart it was necessary t.o refer constantly to the development of 
this organ, and in general my description of the course of the mus- 
cle bundles was also based upon their development. This made 
it necessary to strudy numerous serial sections of embryo hearts, 
as well as whole lieasts which had been removed from the embryo 
and dissectcd under the binocular microscope. 

It is my purpose now t80 give as accurat,c a description as possible 
of several points which were obscure to me at the beginning of 
m y  st,udy, so this report, is t o  be viewed as supplementary to the 
excellent study by His as well as the recent one by 'l'andler. 
First of all an attempt, was made to st8udy the course of thc muscle 
bundles and t,he format,ion of t'he vort,rx in t'he smallest hearts by 
means of direc t8 observation upon whole hearts, strained and 
unstaiued, urider t,he binocii1a.r niicroscope. This s t d y  wati 
controlled by that of serial sertions of other heart,s, an abundance 
of rnat.eria1 of bot,h kinds being available. It soon became 
apparent t'hat the nmscle wall of the entire heart had to be 
included in t,his study, which soon showed that, the critical point 
lay in the wall of the at,rial canal, that is the corninon caiial he- 
tween t,he atria and ventricles. The study led back to the study 
of the valves at, this point, an understanding of which is rcally 
the key to  the whole situation. This resulted in locating defiriit'ely 
the atrio-ventricular miisclc bundle (bundle of His) in all st,ages 
of development. 

1 Mall, F. P., On the muscular rtrchikcture of the vcntricles ol the human hcart. 
Amer. Joiir. h i l t . ,  vol. 11, 1911. 
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The points to be discussed will be considered in the following 
order: A, Subdivisions of the early heart; B, Formation of the 
septum and atrio-ventricular valves ; C, The atrio-vent'ricular 
lsutidle; D, &lusculitture of the left ventricle. 

A. SIJBDIVISIONS O F  THE: PRIhfhRY HEART TTjBE 

In  an  embryo about 2 mm. long (No. 391), which was modeled 
in wax by Dr. Dandy, the heart is shown as a relatively straight 
tube with its arterial end directed towards the head (fig. 1). 
Its muscle wall is of even thickncss and communicates throughout 
its whole leiigth along the dorsal midline with the rest of the iiieso- 
dcrm, that is it has a complete dorsal niesentery.2 At its anterior 
end the heart tubc shows a slight dilatation just, before the a r b  
ries arise from it. Midway between t,hc two ends of the muscle 
t,ube there is an indentatiori on t,he left sidc which marks the begin- 
ning of the bulho-ventricular groove, that is, it separates the 
atria and left, ventricle on the one hand from the right ventricle 
and the bulb on t'he other. Wit,hin the muscle tube therc is 
suspended by means of numerous fine fibrils the collspsed cndo- 
cardial lining. These fibrils will be considered later when t,he 
development of the valves is discussed. 

The heart now separat,es rapidly from the rest of the mesoderm 
in subsequent stages and is soon suspended in the pericardial 
coelorn, reiiiaining att,ached to the body only at its venous and 
arterial ends. The indentation on the left side of thc heart, 
meritmimed above, beconies morc pronounced, the heart rolls 
upon itself quite rapidly as succeeding stages of development 
show. In an embryo 2.5 nim. long (No. 3) the heart is separated 
from the dorsal iiiidline in its middle, while in another of the same 
length (318) the separation is mom pronounced. In  one 3.5 mm. 
long (164) the separation is coinplet,c and the various subdivisions 
of the final heart tube can be outlined wit'h precision (fig. 2 ) .  

2 A completc description of  t,his c m h y o  is given by Dandy. Amcr. Jour. An:lt.., 
vol. 10, 1910. Evans 
(ICeibd-Ma.11, Mariual of liunixn embryology, vol. 2, fig. 309) also pictures seetioris 
through the heart. of t.his embryo. 

Hcctions t,hroiigh t hc  heart arc shown in his figs. 1 and 2. 

Also by LInll, Ibid., vol. 1 ,  figs. 382-386. 



LEGEXUS FOR ALL OF THE FICXJRF.5 

A ,  atrium L.P.; large papillary muscle of the 
A.C., atrial canal right, vcntricle 
A.Cu. ,  anterior endooardinl cushion L.R.V., longitudinal biindle of the 
A4.17,, annnlus fibrosiis right. vcntricle 
Ao.,  aorta L T ’ . ,  left, vcntricle 
9 .P., ant,erior papillary muscle 
B.S.: bulbu-spiral hand 
A .  V.B., atrio-ventricular bnridlc, 
B. ,  bulb 
C.S., coronary sinus 
I .  V.C., intervent,riculnr c:anrtl 
F.0.1 foramen o d e  I 
F.0.2 foramen ovale IT 
L A . ,  left atrium 
L.CPL., left endoeardial cusliioii 
L.O. .  left venous ostium 

M.p .m. ,  mcdial papillmy muscle 
P.,  pulrrionary artery 
P.Cu. ,  postevior endocardia1 cushion 
P.P., posterior papillary muscle 
R.A., right atriiim 
B.Pu., right ondocardid cushion 
K.O. ,  right, venous ost,ium 
K .  I,’.: right vmtricle 
8.J ., septum of the s t r ia  
N.S., sinu-sI)iral band 
,S. V.., septurri of the venrriclc 

V., venlrirlc 

Fig. 1 Ventral view o f  the  model of an erribryo 2 mm. long (so.391). 
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X 100. 
Thc perienrdium has been remavcd from in fron1 of trhe heart. 
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I mentioned above in describing the heart of the embryo 2 mm. 
long that its endothelial lining is collapsed and suspended by amass 
of fine fibrils within the muscular tube. In slightly older stages 
the arrangement of the eridothelial lining is changing, becoming 
dilated on the venous side of the heart. This change is beginning 
in No. 3, is niore advanced in No. 318 and is complete in No. 164 
(fig. 2 ) .  His3 has pointed out that the endothelial lining hugs 
the niuscle wall closely in the embryonic atrium, while it remains 
suspended for a time in the rest of the heart. This arrangement 
is so pronounced in the early heart that it affords a way by which 

Fig. 2 From the reconstruction of B he:irt of an enibryo 3.5 mm. long (KO, 164). 
X 66. View from the left side. 

we may det'ermine with precision the exact, portion of the heart 
tube horn which the at'riuni arises. My specimens show con- 
clusively t,hat, t,he atrium arises exclusively from the free heart 
t,ube arid that t,he sinus veiiosus does notr contributc to its forma- 
tion. This beirig established it, follows that as soon as the heart 
tube is fully separated from the body walls that tjhe anlagc of the 
entire adult heart, is to be fourid between its arterial and venous 
attschnients. 

In the embryo 8.5 rrmi. long (No. 164) tlie completed heart 
tube is seen, which is S-shaped and twisted upon itself so that the 

His. W. ,  Anntomiu mensch. Errihryonen. Tlieil 3 ,  Leipeig, 1885. 
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arterial and venousends are brought close together. At the venous 
end the muscle wall is slightly dilated which marks the atrium; 
this is lined closely with endothclium which encircles the cavity 
within. No delicate fibrils are here seen between the muscle wall 
arid its endothelial lining. Then follows an upper berid tro the 
heart after which there is a dilatation projecting towards thc left 
side, the former marking the atrial canal and the latter the left 
ventricle. The lower connecting piece unites the left ventricle 
with the bulb which later on gives rise to the righi veiitriclc. In 
the atrial canal (Haller's auricular canal) the endothclial tube is 
seen as a solid strand of cells suspended freely in the muscle wall 

Fig. 3 Section of tlic heart. of the embryo 3.5 mm. long. X 66. 

by thc delicate fibrils already mentioned. In t>hc left veiitxicle 
the tube shows a dist'inct cavit,y, while t'hroughout the rest of the 
heart tube the cavity is irregular but not pronounced. The form 
of the endothelial tube is shown in fig. 2 and again in a semidia- 
graminntic figure of a t,ransverse sect'ion through t,he atrium, ven- 
tricle and bulb in fig. 3 .  The delicate fibrils, which 110 doubt 
belong to the eridothelial cells are present. in large number t8hrough- 
out t.he whole heart tube, excepting in that which forms thc at,riurn. 
In  ho the r  embryo (No. 384, 2 mm. long), considerably smaller 
than the one just described and probably pathological, the degree 
of development of t,he lieart, is practically idcnt,ical with t'he one 
31 min. long (No. 164). 
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In my collection there are two other embryos slightly more 
advanced in developnient than the one just described which bear 
upon the exact origin of the atria from the heart tube. They are 
Nos. 486 (4 mni. long) and 470 (4 mm. long). Neither of these 
specimens has been studied carefully as a whole, so the number of 
rnyotomes in each can not be given. Xor have the rneasurenients 
been corrected by the drawings and the sections. 

In KO. 486 the single atrium as described above (No. 164) is more 
pronounced, is dilated and filled with blood, while the form of the 
endothelial tube is much the same. However, the atrium is 
sharply separated from the sinus venosus and there are a few 
fibrillae between the endothelial arid muscular walls. In  the left 
ventricle the endothelial and the muscular layers are just begin- 
ning to  interlock to form the first trabeculae. 

Embryo No. 470 shows thc heart more advanced than in Xo. 
486. The atrium has bccomc double, that  is there are two atria. 
The endothelial tube in it is distended and its separation from the 
sinus venosus is still pronounced. The trabecular formation in 
the left ventricle is somewhat more pronounced than before. 

From now on the changes in the heart take place very rapidly, 
as the general form of the embryo also changes rapidly. The head 
is bent upon the body which is well curved upon itself with pro- 
nounced limb buds. In  the next embryo, KO. 239 (45 mm. long), 
the subdivisions of the heart are sharply defined and in the follow- 
ing stage, No. 463 (3.9 mm.), the preliminary subdivisions are 
complete (fig. 4). During this time the embryo curls upon itself 
and the limb buds are formed. In embryo 239 the two atria are 
very pronounced, the right corrimunicating with the sinus venoms. 
The atrial canal is sharply defined, first as a constriction and 
secondly by a great increase of the fibrillar inass between the 
endothelial and inuscular walls. The trabecular system is well 
formed in the left ventricle and has extended into hhe bulbus, 
that is into the right ventricle. In this specimen it is clear that the 
course of the circulation is from the right to the left atrium, then 
first to the left ver,tricle after which it enters the right. The 
right atrium still lies in the notch between the left ventricle and 
the bulb on the posterior side of the heart. Only a little later 
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does it project to the right side of the bulb which becomes its per- 
manent position. 

Although the two embryos just mentioned are practical1:- of 
the same stage of development, the difference of thc degree of 
development of their hearts is most pronounced. No. 463, which 
is perfectly preserved, has a heart witch larger atria, a more con- 
strictcd atrial canal, a large left ventricle arid a pronounced but 
contracted bulb. The muscular wall of thc whole heart is coii- 
tinuous without a single break in it. That surrounding the atrial 
canal is sharply defined forming a continuous ring connecting at, 

This is seen in No. -263 (fig. 4). 

f? cu. 
A.C. 1 ,B 

Fig. 4 Section of Lhe h v i r t  of an embryo 3.9 mm. long (Xo. 463). X 66. 

all points with the atria above arid the left ventricle below. This 
is iiieritioned especially because a share of this connecting ring 
disappears while thc remaining portiori becomes the atrio-ventric- 
ular bundle. 

n. FORMllTION OF THR ATRIO-VENTRICULAR VALVES 

In  the earliest stages described (No. 3911, while the muscle 
wall of the heart is still in the form of a straight tube and is con- 
nected throughout its lengt>h with the body wall, t,hc endothelial 
tube is separated from the muscular tube by a marked layer of 
delicate fibrils. In  thcir papers upon the heart both His and 

4 A fcw data regarding all o f  the rmbryos described in this paper are given i n  
my c:il alogur of 500 specimens. Anst.  Rec. vol. 5, 1911. 
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Tandler speak of these fibrils but, they give no very definite infor- 
matmion regarding their nature. In his study of the chick His: 
describes thc space between the endothelial t,ube and muscular 
wall of the heart,, which lat.er in development fills with connectjive 
tissue arising from the inner t,ube. In  thc atria, where this space 
is never pronounced, the secondary thickening is also insignifi- 
cant. Later HisG also obserJes this space in young human em- 
bryos. Xany fibrils ext8end from trhe endot>helial tube, which 
when they are pronounced, draw out the side of the tube in a char- 
acteristic way. This he pictures. He is uncertain whether these 
fibrils are nat8ural or produced by the hardening reagents used. 
In  the at,rium the inner tube hugs the muscle wall closely. In  the 
atrial canal the space 'is filled with two pronounced cushions of 
connective tissue, while in the vent,ricle the muscle forms trabec- 
ulae which are soon covered with endotheliurn. In the bulb 
this space is very marked and filled wit'h a delicate conriect'ive 
t,issue framework. He does not show conclusively the meaning 
of this ti-.. I bSUe. 

Taridler7 describes and figures t,his substance well in a human 
embryo with fifteen somites. Although his figure shows beaut.i- 
fully the inwaridering of nuclei from t,he endotheliuni, and al- 
though he speaks of a reductmion and enlargement of t,hcse filbrils, 
hc is unwilling to decide whet,her or not, they are due to the niet,hod 
of preservation and of staining of the sect,ions. He states ex- 
pressly that t,he tissue resembles very rniich Wharton's jelly. It 
seenis to me, however, t,hat thc evidence of His a i d  Tandler is 
sufficient t,o show- that this tissue is not due t,o coagulation but 
a const,ant normal constituent of the developing heart. That it 
its dist,ributed in a definite way in different, portions of trhe heart 
and in different &ages of developinerit speaks almost conclusively 
for this opinion. It,s origin and meaning is however a different 
yuest,ion. 

His, Uiitersuch nebcr die er,zte Anlage dcs Wirbelthierlcibes. 

His. Anal. mensch. Emhryonen. 
Tandler, Entwicklrlngsaesc.hicht[, ties Hrrxens. Keibrl-3lall ITandbuch d. 

Leipzig, 1568 
s. 141. 

Th. 3, 1885, S. 141. 

Enttvichlg. d Mrnschcn, 1,eipzig. 1911, Bd. 2, P. 523. 
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In the youngest cii2 bryos studied the ret,icular mass between 
the endothclial cells and the muscle wall appears either homogene- 
ous, or as coinposed of most, delicate fibrils, or of coarser fibers, 
according to  t8he method of preservaCioii. In  general it, appears 
like t81ie most delicate reticulum of the mesenchyme and under all 
circurrist,ances any stmain which tinges the fibrils t,jnges also the 
endot,helial cells. So intimate is this connection that; it  forces 
t,hc conclusion t-hat the fibrils t.ogether with thc endothelial cells 
form a syncytiuni. In the younger hearts t,he endothelid nuclei 
lie altogether on the inner side o€ the fibrils as has been repeatedly 
observed, but as soon as the trabecular system begins to form in 
the left ventricle some of the endothelial nuclei invade t8he fibrillar 
layer. This is first seen in embryo No. 239 (42 min. long). Here 
the tmbecular system is quite completely formed in thelcft 
~ent~riclc  by aii interlocking of processes frorn t'he muscular and 
eridothelial layers. In  tlic rightJ vent8ricle t'hc process is riot so far 
advanced, while in the atrial canal and t,he bulb t2he reticular 
layer is invaded by endothelid nuclei but not by musclc cells. 
A sirnilar arrangemerit is found in embryo KO. 3,  which as S o .  
239, is intensely shined. Fig. 5 is from the posterior endocardia1 
cushion of an ernbiyo 4.3 mm. long, (No. 148), showing that t'hc 
nuclei of t,hc cushion are invading it from it,s endothclial side. All 
this is more pronounced in Xu. 463 (3.9 rrim.) which is more ad- 
vanced in development and is perfectly preserved. In  this speci- 
men it is quite easy to demonstrate t)hat the nuclei of the endothe- 
Iium arid the ret'iaular mass belong together, for they are distinctly 
intermingled and yet are scpa,rated froin the muscular layer (fig. 
6). Since the nuclei and fibrils belong together and sirice it  has 
been demonstrated that the reticulum of the liver is developed 
frorn t8he eridothelial cells, I shall speak of thc reticulum bctweeri 
the endothelium and muscle layer of the heart as endothelid 
fibrils. The great> importance of this distrinctiori is at once tlppar- 
erit for it) shows that connective tissue arises also from endothelid 
cells aad t'hat the int)iiria of the eritircvascula,r system including the 
t'he valves of t'he heart ]la.; a like origin. 

I t'hink t'hat I: have JIOW shown that the endot~helial fibrils 
are constant, in the heart and that we must hold theendot.hclia1 
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cells responsible for the production of the connective tissue of the 
endocardium as well as of tjhe valves. Further study will prob- 
ably show that endothelial connective t<issue is by no means of 
rare occurrence. At any rate it has been dcfinitely settled that 
the endot,helial cells of the liver give rise to t,he connective tissue 
of thc liver lobule. 

?? c u .  
Fig. 5 Section of the postcrior endocardia1 cushion of an embryo 4.3 mm. 101lg 

(No. 148). x 360. 

In my study on the developnicnt of the connective tissue I 
was astonished to find in macerated and digested frozen sections 
that the eridothelial t,ube with its surrounding reticulum can be 
isolated.8 In such specimens it is impossible to separate the nuclei 
from this continuous mass of ret,iculurn; together t,hey form a syn- 
cytium. This connect,ion was demonstrated in pig embryos 20 
mni. long. Although this was entirely out of harmony with the 
results obtained for other connective tissues, which always arise 
from the mesenchyme, it had to be accepted and so it was recorded. 

8 Mall, Developmcnt of the connective tissues from t.hc c:onnect,ive spncytium 
hmer. Jonr. h a t . ,  vol. 1, 1902, p. 354. 
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In a measure this was confirmed by K0n9 who obserred the devel- 
opment of the reticulum in the liver of a foetus in the middle of 
pregnancy. MollierlO in his beautiful study on the development 
of thc blood shows conclusively the connect>ion between the endo- 

Fig. 6 Section of the anterior endocardial cushion in  the atrium of an cmbq o 
3.Y mm. Iong (KO. 403). X 360. 

thelial cells of the liver and the surrounding reticulum. This 
he follows back to  a human embryo 10 mm. long and in subsequent 
stages the connection of the endothelial with the reticulum is 

9 Kon. Die Cittcrfasergrrust der Lcber, etc.  Archiv. furEntmick1 -iUcehanik, 

1" Mollier, Die Blutlddung in dcr emhryonalen Le1)c.i des hlensclicn. S rch iv  
Bd. 2.5, 1908. 

f i n  mik. Anaf..  Bd. 74, 1909. 
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complete, that  is, it  fornis a syncytiurn. Although Mollier 
believes that the capillaries of the liver arise from the niesenchyme 
of the capsule, which is impossible, it answers our purpose to 
statc that  he shows that the connective tissue of the liver develops 
froin the endothelial cells and not from other mesenchyme cells. 
Those of us who see the primary rascular tree of the liver arising 
from the endothelial wall of the omphaloriiesenteric veins by a 
process of reduction of this large vessel to form sinusoids, recog- 
nize Ilfollier’s “origin” of capillmies of the liver as only a second- 
ary contact between the sprouting capillaries when they reach 
the mesenchyme of the capsule of the arilage of the liver. For 
the present purpose it is clear that Mollier demonstrates also that 
the connective tissue of the liver arises from endothelial c d s .  
Thij  relationship has been arnply confirmed by F. T. Lewir in 
the liver of iz huniari embryo 7.5 mm. long.“ So for the liver the 
chain is complete ; throughout development the connective tissue 
of the lobule is in direct continuity with the endothelial cells of 
the blood capillaries and therefore they give rise to them. Within 
the lobule there are only endothelial cells and epithelial cells and 
no one finds t,he reticulum arising from the Iatter.12 

In  embryo No. 230 the endothelial fibrils are quite unequally 
distributed throughout the heart. In the atria, as mentioned 
above, they form but a very thin layer. In  the atrial canal the 

11 Lcwis, F. T., Entwicklung der Lebcr. Keibel-Mall> IIandbuch dcr Entu-ii:kl., 
Rd. 2,1911. S. 397, fig.291. 

11 Quite recently hilollier finds the endothelid cells and reticulum of t,he spleen 
a6 onc continuous reticuliim from which he concludes that the endothelial cells 
arise directly from themesenchyme (Arch. f .  milc. ,4nat., €id. 76,1911). The oppo- 
sit.e conclusion may be drawn equally well. I have published figures which (:orre- 
spend mithMollier’s, giving at, the same time a conclusive expcriment toprove t,hat 
the circulation of the spleen is entirely through t,he pulp spaces; these h a w  the 
vnllie of blood c::ipillaries (Mall, Amer, Jour. Anat.., ~ o l .  2, p. 316). Pathologists 
have been of t.he opinion t,hat in endarteritis t,he intirrin t.hickens by a proliferation 
of endot.holia1 cells, and that  connect.ii-e tissue may tl,rise from thcsc cells. Mar- 
(:hand 11as questioned the t ruth of this statement, biit. reoent.1~7 the subject, has been 
reinvestig.at,ed by Baumgarkn (Arbeiten auf den1 (bbei tc  drr Pxt,hologiseben 
;\nat.omic, I,eipzig, 19M, Bd. 4) ~ v h o  shoTYed 1.liiLt proliferation of endoi.helia1 cells 
may form a thickening of t,hc int,ima without any rupt,ure of the  elast,ica interim, 
thus excluding entirely any participal ion of conriectivc tissue cells in the process. 
Set, also Ton Paily, Bnatom. Hcfk 36, 1908, Taf. 45-47. 
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fibrils are heaped up into two mounds to form the well known 
endocardial cushions, which have between them a transverse 
slit. 'The posterior cushion extends upward into the left atriuiii 
and then d o n g  its posterior siirfttce into the right atrium and elids 
at  the opening of the sinus venosus. The anterior cushion also 
extends into the left atrium along its anterior border and reaches 
to the septum priinum which is just  beginning to form. Below, 
in the left ventricle, the endocardial cushions blend with the endo- 
thelial reticulum covering the trabcculae. The iriterlaceinent of 
the endothelial and muscular layers to  form the trabeculae extends 
into the right ventricle, but in the bulb the two layers arc quite 
sharply defined and separated. 

The nuclei of the endothelial syncytium form first of all the 
inner layer of the heart, but in the endocardial cushions of the 
atrial canal as m l l  as in the bulb the nuclei gradually extend 
towards thc muscular coat. In  other words the nuclei of the iniier 
coat are gradually invading their reticular layer. 

I J ~  the heart of enibryo 463 the differentiation of the endothe- 
lial syncytium is more pronounced than in the specimen just 
described. The heart is now well formed with two pronounced 
atria, a much constricted atrial canal and a marked constriction 
of the interventricular canal (fig. 4). The bulbo-ventricular and 
the interventricular grooves are well formed. The septum of 
the atria and that of thc ventricles are well marked. The endo- 
thelial syncytium is most pronounccd in the endocardia1 cushions 
aiid in the bulbus. The cells are quite eqixnlly distributed through- 
out the syncytium but they are somewhat inore numerous iinnie- 
diately under the eridothelial covering than near the rnusclc layer 
of the heart (fig. 6). The posterior cushion does riot reach a.i 
far into the left ventricle as the anterior aiid 1": also less extensive 
in the atria; it reaches nearly to the sinus venosus. The anterior 
endocardial cushion is a large 5ickle-shaped affair, encircleq the 
heart in front as the border of the atrial septum jscptum prinnmi) 
which is now forming. The antciior cushion ends on the medial 
side of the opening from the sinus x-enosus. The space in thc 
atria between the cushions marks the primary foremen ovale ifora- 
men o d e  I). 
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In  an embryo 4.3 mm. long (No. 148) practically the same con- 
ditions are seen as in the embryo just described. If anything 
it is a little more advanced in development. A section of the 
endocardial cushion is shown in fig. 5. From now on new con- 
ditions arise which when concluded separate the heart into its 
right and left halves. 

The anterior and posterior cushions are ~ iow well formed, the 
superior septum (primurn) and the septum of the ventricles (sep- 
turn inferior) are beginning but the Reptuni aorto-pulnionale 
(aortic septum) is still absent. While these are forming, up to 
the next stage, when the muscle wall of the atrial canal begins to  
break down, the heart gradually enlargeh without changing very 
markedly its external forni. The steps which 1 am about to  de- 
scribe are well established in various mammals, but I shall repeat 
them hastily in order to confirni them all in the human heart. In 
doing this I shall include in the descriptions the following speci- 
mens : 

Embryo No. 80, C. R.  length 3 mrn. 
Embryo No. 136, C. R. length 4 mni. 
Embryo No. 116, C. H .  length 5 rnni. 
Ernbrgo No. 241, C. R. length 6 rnm. 
Embryo No. 2, C. R. length 7 mni. 
Embryo No. 383, C. R.  length 7 inrn. 
Embryo KO. 380, C. R. length 7 .5  rnin. 
Embryo No. 113, C. R .  length 8 mnl. 
Embryo No. 397, C. R. length 8 min. 
Embryo KO. 422, C. R. length 9 mm. 
Embryo No. 163, C. R .  length 9 nim. 

In  Embryo S o .  80 the anterior arid posterior cushions are con- 
siderably thicker than before but hold practically the same rcla- 
tion to the heart as in Nos. 463 and 148. In  the left TTentricle the 
cushions are spread out arid have attached tmhemselves to the 
trabecular system. As there are two attachments which corre- 
spond in position to the ariterior arid posterior papillary muscles, 
it is proper to speak of them as such. The septum aorto-pnl- 
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inonale is well formed and its two ridges reach well into the bulbus 
to the interventricular forarncn. Much the same arrangement is 
found in Embryos No. 136, 116 and 380 which are of thc same 
stage of developinciit as No. 80. 

Fig. 7 Transverse section of thc atrial c:znal andbulbof 1 he heart of anemhrj-o 
9 mm. long [No. 432). x 40. 

Fig. 8 Transverse section of the heart of i - A n  cmbr,vo 7 mm. long (No.2). >: 40. 

In  Kos. 241, 422 and 2 the lumen of the bulb is ..-shaped, the 
endocardial cushions are much more pronounced than before ; 
they are rcady l o  fuse as is iiidicated in figs. 7 arid 8. The sep- 
tum priinurii and the intervcntriculsr septum are well marked. 
In 397 the septum priniuin is wry thin above so that it is uncer- 
tain whether or iiot it  has broken through to forin the foramen 
ovalc 11. 
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In  383, 113 and 163 the foramen ovale I1 has just formed, being 
smallest in the first and largest in the last. The cushions are well 
developed in 1-0. 383; the anterior reaches to the septum primurn 
and the posterior to  the opening of the sinus into the riglit atrium. 
Therc is a large space betwccn them connecting the twoatria. 
High up in the atria the septum primurn is broken though forming 
the foramen ovale 11, as shown by Born. The arrangement of 
the endocardial cushions with tlhe spacc between them and the 

Fig. 9 Sagittal section. Embryo X inm. long (Xo. 113). X 40. 

foramen oval? I1 is well shown in No. 113 (fig. 9). Both cushions 
now course to the sims venosus and are blended with the con- 
nective tissue a b o x  it. Behind the cushions lhcre is a muscle 
strand from thc sinus to the ventricle which marks the position 
of the atrio-vcntricular bundle. The thin septum primurnreaches 
to the two cushions, and high up it is perforated by an opciiing 
with sharply defined walls. Between the anterior and posterior 
cushions well within the atrial canal the two atria still communi- 
cate with each other; in this region the cushions are as yet not 
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bleided. In No. 163 the blending of the cushions is complete 
(fig. 10) and the permanent foramen ovale is fully established. 
Together the united cndocardial cushions form a cubical plug 
which blocks t#hc center of the atrial canal lcaving a channel on 
either side. It also projects into the left ventricle and is attached 
to its wslls forming the two papillary niuscles. The atrial canal 
is divided into two canals which now form the right and left ostia. 
The two cushions give rise to the medial cusps of thebicuspid 
and tricuspid valves, that  is, thc medial cusp of the tricuspid 
valve aiid the anterior cusp (B.X.A.) of the rriitral valve; the 
right halves of each cushion make the formcr arid the left halves 
the lattw. 

Fig. 10 Coronal section. Ernbryo 9 mm. long (No. 163). X 40. 

The septum aorto pulmonale is still incomplete in the speci- 
mens described, and the interventricular foramen is wide open, 
but the septum of the ventricle is well formed, extends upward 
and blends with the posterior endocardial cushion behind. Re- 
hind the posterior endocardial cushion a marked band of muscle 
extends from the wall of the sinus venoms to the interventricular 
foramen where it spreads over thc inner walls of the two vcntriclcs 
as shown in fig. 9. This is the sino- or atrio-ventricular bundle 
(bundle of His). These structures I shall describe in the heart of 
embryo No. 358 which is an unusually wdl preserved specimen, 
perfcct in cvery respect and of the right stage of developmefit, 
for this purpose. 
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Embryo No. 353 is 11 mm. long with a well formed arm and 
hand plate. A profile outline of the embryo may be seen in the 
figure by Evans.l3 The sections are l o p  thick in a coronal direc- 
tion and slightly oblique, that is, they strike the heart transversely. 
The heart which has been modeled in wax is 1.7 mm. wide and 2.2 
mm. long. The apex is cleft as is so oft'en the case in t,his stage of 
development . I 4  The septum aorta pulnionale is coiiiplete aiid the 
anterior and posterior cushions are fully united into a single mass 

Fig. 11 View from below of a model of tlir hear1 of an embryo11 mm.long (KO. 
353). X 50. 'l'he vcntriclcs have heen cut off. The corincclive tissue septa ale 
colored yellow. 

of connective tissue. This mass extends to a point up in the atrial 
septum on its dorsal side, to the left valve of the opening into 
the sinus venosus. The complete union of the two cushions has 
obliterated the foramen ovale I and the foramen ovale 11 is well 
above the coinmon fibrous process of the united cushions. A 
view from below, that is after the apex of the heart is cut off, 

13 Evans, Krib~l-Mnll Harldbueh, Bd. 2. fig. 469. 
14 M;tll, Bifid apex in the human heart. Anat. Brc., vol. 6, 1912. 
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shows that the cushions mark the borders of the medial sides of 
the right and left ostia, these' being notched to indicate the extent 
of the anterior and posterior cushions. This is well shown in 
Fig. 11 which was drawn from the model. On the dorsal side, 
the posterior cushion extends well down the posterior border of 
the intervcntricular foramen, that is it makes part of the border 
of the septum of the ventricle. These are. the primary connec- 
tions of the two endocardial cushions. There are also secondary 
connections which in a measure involve the valves lateral to the 
ostia. 

On the lateral side of either ostium there is a rounded endo- 
cardial thickening which marks the beginning of the lateral valves. 
These are already observed i&nibryo 422, 9 mm. long (fig. 7). 
To anticipate the description I may state that the right cushion 
marks the center of the anlage of the anterior and posterior cusps 
of the 'tricuspid valve, and the left the anlage of the posterior 
cusp of the mitral valve as seen in fig. 11. The septum aorto 
pulmonale soon blends with the cushions through a dorso-lateral 
wing which is divided into two branches to encircle in part the right 
venous ostium, one of which blends with the right lateral endo- 
cardial thickening, and the other, the medial, blends with the 
anterior process of the medial valves now represented by the right 
lower wing of the anterior endocardial cushion. It is thus seen 
that through the blending of the septum aorto pulmoriale with the 
right side of the anterior endocardial cushion, the right venous 
ostium is nearly encircled by eiidothelial connective tissue. This 
connection may still be seen in the adult heart where the septum 
aorto-pulmonale (the tendon of the conus) is found to blend with 
the fibrous ring of the right ostium at the anterior border of the 
attachment of the mcdial cusp oi the tricuspid valve. 

The large space marked by the interventricular foramen at 
the root of the aorta remains constant in all subsequcnt stages of 
development and is termed by Quain16 the vestibule of the aorta. 
This name, which is appropriate, I shall adopt and use in my de- 
scription. The vestibule in fig. ll is common to both ventricles, 

l5 Quain's Anatomy, 10th Edition, vol. 2, fig. 317. 

THE AMERICbN JOURNAL OF ANATOMY, YOL. 13, NO. 3 
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but as the septum of the ventricles and the septum aorto pul- 
monale approach each other more and more to form the pernia- 
nent membranous septum, the vestibule becomes transferred to the 
left ventricle as may be seen in figs. 16 and 17. An open inter- 
ventricular foramen in the adult always communicates between 
the aortic vestibule and the space below the medial cusp of the 
tricuspid valve, as is clear by observing Spalteholz’s figure.16 

The topography in the wall of the left ventricle is much easier 
to define. The common endocardia1 mass borders the left venous 
ostium and each of its two horns are cont,inuous with pro- 
nounced muscular bands, the papillary muscles, which extend to 
the more solid muscular wall of the heart. In their course from 
the valve to the outer wall of the heart muscle the papillary mus- 
cles communicate continuously with the trabecular system. Both 
the anterior and posterior papillary muscles connect with the 
lateral valve which is being extended around the left. ostium by 
an “undermining” process, already well described by His. So in 
this early stage of development the anterior papillary muscle 
unites the anterior tip of the medial and lateral valves (anterior 
and posterior B.N.A.) with the anterior wall of the left ventricle, 
and the posterior muscle unites the posterior tip with the posterior 
wall of the heart as seen in fig. 11. The vestibule of the aorta 
connects the aorta with the left ventricle; it is encircled by the 
border of the ventricular septum. In the course of time the 
border of the ventricular septum unites with the septum aorto 
pulmonale and thus finally separates the two ventricles of the 
heart. When viewed through the aorta the muscular interven- 
tricular septum usually makes in the adult the right border of the 
vestibule but often it projects into the vestibule as isnormally 
the case in the pig and the ox. In such specimens, as well as in 
the pig and the ox, the right semilunar valve arisesdirectlyfrom 
the interventricular muscular septum. This shows to what ex- 
tent the valves must ‘sink into’ the bulbus in passing fromthe 
stage represented in No. 353 to the adult forrn.17 

16 Spalteholz, Hand atlas, vol. 2, fig. 420. 
1 7  The normal position of the  menibranom septum is described in an article on 

ancurysnis arising from it, in the  hnatomic:rl Record, ~ 0 1 . 6 ,  1912. 
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The anatomy of the heart of embryo No. 353 may serve as a 
basis to describe the final closure of the interventricular opening 
and the formation of the membranous septum. In this specimen 
the septum aorto pulnionale has grown down to the interventric- 
ular foramen and blends with the right tip of the anterior endo- 
cardial cushion which is lodged in the foramen. The aortic sep- 
tum also extends to the lateral side of the right venous ostium 
and the posterior cushionextends down the anterior border of 
the ventricular septum. So the interventricular foramen is 

Fig. 12 Coronal section. Embryo 13 mm. long (No. 175). X 40. 

bounded above by the union of the septum aorto pulmonale and 
the anterior cushion, in front by the septum aorto pulmonale, 
behind by the extended portion of the posterior cushion and 
below by the inuscle of the ventricular septum. 

In embryos 109 (10.5) and 317 (12.5) the ventricular septum 
is much more developed than in the stage just described. In  
these two specimens the fibrous tissue forming the septa and 
valves is much as in KO. 353, but the niuscle wall has grown up 
and nearly closes the interventricular foramen. However, there 
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is still a free communication between the right ostium, with the 
right ventricle and the vestibule of the aorta. The interventricu- 
lar foramen is somewhat smaller in Xo. 175 (13 mm.) whichis 
cut in a more fortunate plane to illust,rate this point than the 

I v c  

Fig. 13 Sagittalsection. Embryo14mm. long ( S o .  144). x 40. 

Fig. 14 Coronal section. Embryo 17.2 mm. long (No. 424). X 24. 

other two embryos (fig. 12). The opening is gradually becoming 
smaller in the following embryos in the order af their enumera- 
tion, No. 423 (15.2), 144 (14, fig. 13), 424 (17, fig. 14). In  390 
(15.5) it is uncertain whether it  is closed or not, in 409 (16) it is 
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just closed, and in 432 (18) it is closed but its connection with the 
right ventricle is still indicated. That the order of development 
does not correspond with the length of the embryo is due to the 
method of measuring; No. 144 was measured on the glass slide. 
But a comparison with the profile drawings of these specimens 
shows that the order of closure of the foramen corresponds with 
the degree of development of the external form. In No. 423 the 
interventricular foramen (0.1 mm. in diameter) is Bituated well 
anterior, at the point of junction between the septum aorto pulmo- 
nale and the right wing of the anterior endocardial cushion. It is 
under the medial cusp of the tricuspid valve in exactly the position 
taken by the atrio-ventricular bundle. In No. 424 the foramen 
is barely 0.02 mm. in diameter, and were not the vascular system 
injected with india ink the opening would probably be overlooked. 
It is present in but a single section. Here it is again located with 
the right limb of the atrio-ventricular bundle below the medial 
cusp of the tricuspid valve well anterior. On the left side it 
communicates with the vestibule of the aorta exactly in the posi- 
tion the atrio-ventricular bundle lies in the adult heart. That 
this is of significance will be considered when the atrio-ventricular 
bundle is discussed. In this stage the posterior cusp of the aortic 
valve still lies somewhat distant, but as the valves sink deeper 
and deeper into the vestibule of the aorta the position of the inter- 
ventricular opening comes to lie behind the posterior cusp adja- 
cent to the left limb of the atrio-ventricular bundle. In an adult 
heart with a patent interventricular foramen I have found the 
atrio-ventricular system streaming through this opening, thus 
showing that there is an association between them. 

The atrio-ventricular valves are not as difficult to trace in their 
development in the successive stages as has been that of the for- 
mation of the membranous septum. In the youngest embryos, 
that is those under 3.5 mm. long, the endocardial connective tissue 
which was quite equally distributed in the earliest stages has 
gradually rearranged itself. first becoming less pronounced in the 
atria and then becoming well dove-tailed with the trabecular 
system in the ventricle and bulb. As soon as the atrial canal 
is well formed the endocardial connective tissue arranges itself 
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there in the form of two cushions the anterior and posterior endo- 
cardial cushions. In the bulb two ridges are also formed which 
ultimately give rise to the septum aorto pulmonale, but as this 
latter structure has been considered by Greil and by Tandler, I 
have taken it up only in so far as it bears upon the formation of 
the membranous septum. 

In the embryo 3.9 inm. long (No. 463) the two endocardialcush- 
ions of the atrial canalarewell formed (fig. 4). The posterior is short 
and reaches from the sinus to  the ventricle, while the anterior is 
much more extensive for it reaches from the sinus also around the 
upper and anterior part of the atrium through the atrial canal to 
the bottoni of the ventride. In general they repeat that which 
is shown in Greil’s fig. 3 taken from the heart of Lacerta.18 The 
two cushions are confined almost wholly to the left ventricle. 
However, the side of the lower tip of the anterior cushion passes 
through the interventricular foramen and continues as the anterior 
medial endocardia1 thickening of the bulb. A little later at  4.3 
mni. (No. 148) the same arrangement is still seen except that the 
left lateral tip of each of the two cushions is more intimately 
attached to  the trabecular system of the ventricle. These attach- 
ments mark the beginning of the anterior and posterior papillary 
muscles. The cushions gradually become more and more pro- 
nounced until the embryo is 7 nm. long (Xo. 2) when their lower 
right tips begin to enter the interventricular canal. With the 
formation of the septum primum the anterior cushion gradually 
approaches the posterior with which it ultimately blends (fig. 9). 
Before this takes place the septum primum is perforated forniing 
the foramen ovale 11; somewhat later the foramen ovale I is com- 
pletely 0b1iterated.l~ By this time the two cushions have blended 
into a solid mass which obstructs the atrial canal, leaving on either 
side an ostium. The common cushion or valve mass is now 
wider than it is thick (fig. 15), hangs well into the left ventricle 
where its two corners or tips are well supported by the two papil- 
lary muscles (figs. 11 and 12). The right half rests upon the 

18 Greil, Beitrage Bur vergleich. 

1 8  See also Greil, I . c . ,  figs. 5 and 12. 

Anat. u. Entxicklungsg. d. Herzcns u. d. Trun- 
cus arteriosus d. Wirbelthiere. Morph. Jshrbuch, Bd. 31, 1903. 
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inferior septum behind (the right posterior tip, projects well 
into the interventricular foramen, while the right ariterior tip 
blends with the septum aorto pulnionale. It becomes clear, by 
comparing this stage with older ones, as well as with the adult 
(figs. 15 to 18), that this common central mass is destined to  pro- 
duce the medial valves of the two venous ostia, namely anterior 
cusp of the mitral valve and the medial cusp of the tricuspid valve. 

But in addition to the anterior and posterior endocardial cush- 
ions there are also two lateral cushions well demonstrated by 
His and by Greil. One of these, the left lateral, is first, seen in an 
embryo 9 mm. (No. 422) long, (fig. 7), but both are not well pro- 
nounced until the embryo is 11 mm. long (KO. 353, figs. 11 arid 
16). At this time a lateral process from the septum aorto pul- 
monale reaches to and blends with the right lateral cushion. The 
left lateral is still sharply defined and isolated. The line of con- 
nection between the right lateral cushion and the septum is always 
marked in the adult by a tendon which passes into the aortic sep- 
tum or by a small papillary niuscle which holds the same position. 
This niuscle is called medial papillary muscle by Henle.20 Between 
the tendon or muscle and below the anterior tip of the medial 
cusp there is alway a clear ficld, the bottom of which is formed by 
the membranous septum. 

Semi-diagrammatic reconstructions of the tendinous masses 
at  the base of the heart are shown in figs. 15 to 18. Fig. 15 is 
from the heart of embryo No. 163 (9 mm.) with the left lateral 
cushion from No. 422 (9 mni.) added. The muscular wall of the 
atrial canal is indicated and the connective tissue is stippled. 
Fig. 16 is froin embryo No. 353 (11 mm.) which shows that the 
origin of the aorta has shifted well into the left ventricle. In 
fig. 17, No. 296 (17 mm.) the sinuses marking the three semi- 
lunar valves are indicated upon the two wings of thc septum aorto 
pulmonale, and upon the anterior endocardial cushion. Fig. 
18 shows the arrangement of the connective tissue a t  the base of 
the adult heart. The parts of the valveswhich are formed by 

2o Henle, Gefasslehre, I1 Auflage, 1876, fig. 33. This tendon is constant, in fact 
the most constant of all of the attachments of the valvcs in the right ventriclc. 
It is pictured in all anatomies, but iti not recognized in the R.N.A. 
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the undermining process are indicated by cross hatching. The 
course of the atrio-ventricular muscle bundle dividing within the 
interventricular foramen and crossing the ventricular septum, 

Fig. 15 Semidiagrammatic reconstruction of the heart of an embryo 9 mm. 
long (No. 163). The left lateral endocardial ciishion has been added from another 
embryo of 9 mm. (_Yo. 422). 

Fig. 16 Semidiagrammatic reconstruction of the heart of an embryo 11 mm. 
long (No. 353). The muscle encircling t.he atrial canal is reduced and the atrio- 
ventricular bundle is seen passing behind the endocardial cushions to  spread over 
the  ventricular septum below. 

is also shown. These figures indicate clearly the fate of the pri- 
mary dividing masses of connective tissue at  the base of the heart 
in the embryo. 
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In young hearts the septum aorto pulmonale encircles the right 
ostium as shown in fig. 17 and from it the tricuspid valve arises. 
In  the adult the septum aorto pulmonale blends with the anterior 

Fig. 17 The same as fig. 16 from the heart of an embryo 17 mm. long (No.296). 
Most of themuscle wall of the atrial canal is absent. Thc atrio-ventricular bundle 
is shown and t h e  semilunar valves of the aorta are indicated, 

Fig. 18 Sketch of the base of an adult heart showing thevalves. Theatrio- 
The figure may bc compared with figs. 15, 16 and ventricular bundle is shown. 

17. 

end of the medial and anterior cusp of the tricuspid valve, while 
the same tip of the valve is tied to the conus by the medial tendon 
which frequently enlarges into a papillary muscle. In  following 
its development it is found that this tendon marks the primary 
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union of the septum aorto pulmonale to the valve and in its sub- 
sequent development is separated from the septum as the valve 
enlarges. The beginning of this process is shown in fig. 19 which 
is from a section of embryo 86 (30 mm.). It is here seen that the 
valve mass is enlarging and that its lower border is being sepa- 
rated from the muscle of the right ventricle as the tendinous cords 
are forming. In so doing the medial papillary muscle is forming 
and at  the same time the trabeculae which encircle the base of the 

Pig. 19 Section through the conus and right ostium of the heart of an embryo 
The attachment of the tricuspid valve t o  the sep- 30 mm. long (No. 86). 

tum aorto pulmonale and the ventricular septum is shown. 
X 20. 

right ventricle as shown in fig. 11, become fused to produce the 
crista supraventricularis.21 This at first ends in the septum aorto 
pulmonale but in the adult it passes around and over the medial 
tendon and passes down the anterior inner wall of the right ven- 
tricle. In the embryo the moderator band arises just below the 
medial cusp of the tricuspid valve, but in its further development 
is shifted towards the apex where it binds the large papillary mus- 

21 The ‘crista’ is correctly figured in  Toldt’s Atlas, fig. 946, while in  Spalteholz, 
fig. 424, it is pictured as extending down to the  base of the large papilary muscle. 
It is this extension which contains the right limb of the atrio-ventricular bundle 
and therefore must represent the moderator band. A study of the development of 
this portion of the heart shows that  this is the case. 
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cle with the extension of the crista supraventricularis.22 In the 
ox, pig and sheep, however, it retains its original position and 
contains the right limb of the atrio-ventricular bundle. 

It is thus seen that the medial cusp of the tricuspid valve is 
attached in front by the medial tendon (or muscle), and behind 
by the large papillary muscle, and the inequality of these two 
structures accounts for the double appearance of the lateral valve. 
In reality no true tricuspid valve is present and correctly speaking 
there is no tricuspid valve. Both are bicuspid with medial arid 
lateral cusps. Both are tied down by two muscles, the two papil- 
lary muscles on the left side and the large papjllary muscle and 
the median tendon on the right side. 

The atrio-ventricular cushions expand not only by their own 
growth but to a greater extent by a process of undermining the 
ventricle wall all around the venous ostia. To what extent this 
burrowing has taken place is marked by the attachment of the 
valves to the muscle walls of the heart. The tendons nearest thc 
tips of the valves were the first to form, while those nearer the 
bases of the valves were formed subsequently. This has all been 
demonstrated by His. By this process of undermining the attach- 
ment of the base of the valve to the wall of the ventricle, the atrial 
portion is telescoped into the ostia. The muscle of the atrium 

2 2  Toldt’s ‘crista’ (l.c., fig. 946) cnds in  the medial papillary musc!c (anterior), 
whirl1 according t o  its dcveloprnent is correct. Spaltehola (l.c., fig. 424) extends 
the crista past the anterior tendon down t o  thc base of the largc papillary rniisrle 
(posl erior). This connect,ing band contains the right limb of tlic atrio-ventricular 
band and is pictured by Tawara on his platc 7. Retzer (J. H. H. Bull., vol. 20, 
1909, and Anat. Rec., vol. 6, 1912) associates the moderator band with the crista, 
in fact he says that when absent i t  is reproscnted by the crista. He recognizes 
fully the meaning of the anterior (medial) papillary muscle, but when it is recalled 
tha t  the right limb of the atrio-ventricular band passes on the posterior side of 
this muscle and the crista on its anterior, the identity of these two structurcs is 
disproved. In  fact in  the embryo the crista reaches to  the medialmuscle andthe 
moderator band is considerably below it. In thc adult heart this band is pushed 
t o  the base of the  largo (posterior) papillary muscle as pictured i n  Spalteholz and 
it contains the right limb of the  atrio-ventricular bundle as shown by Tawara; 
this I have been able t o  confirm. His, who introduces this term ‘crista’ (Beitrage 
zur Anat d. Mensch. Herzens, Leipzig, 1886, S. 9) is not clear in his description of 
its attachment t o  the septum. According t o  i ts  development it should end i n  the 
septum aorto pulmonale, that  is, at the point of origin of the medial papillary 
muscle. 
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extends into the atrial part of the valves, which at  first is continu- 
ous through the tendinous cords with the ventricular muscle. At 
first the atrio-ventricular muscle connection is through the main 
wall of the ventricle, but as this is resolved into the trabecular 
system with the growth of the valves and the formation of the 
papillary muscles the connection between atrium and ventricle 
is through the tendinous cords which are at first muscular. Later 
with the degeneration of the muscle in the cords the muscular 
connection between the atria and ventricles was believed to have 
been broken down completely. I n  lower vertebrates the mus- 
cular connection between the atria and ventricles through the 
trabecular system remained throughout life, and the significance 
of this.has been fully demonstrated by GaskelP and His, J r . 2 4  

In man, however, all of the cords are converted into connective 
tissue, but the muscle of the atria extends well into the valves or it 
may reach to its free border (Kiirchner).25 - It has also been 
stated that in some rare instances the tendinous cords of the mitral 
valve remain muscular in the adult (Oeh1).26 But the muscular 
connection through the valves is first interrupted at  the free thin 
edges and later the muscular fibers in the tendinous cords dis- 
appear. The break in the muscular connection a t  the free edges 
of the valves will be considered in discussing the atrio-ventricular 
bundle. 

Returning to the description of embryo No. 353 (11 mm.), 
it is possible to determine with considerable precision the various 
adult connections of the valves. The most definite valve is the 
anterior cusp of the mitral which is formed by the union of the 
left lateral tips of the anterior and posterior endocardia1 cushions. 
Each tip is here bound to the trabecular system by well formed 
muscle strands, one of which passes to the anterior wall of the 
heart and the other to the posterior as well as to the septum. It 
is clear that these two strands, which appear much earlier than in 

*,3 Gaskell, On the innervation of the heart with special reference t o  the heart of 

24 W. His, Jr., Die Thatikeit des embryonalen Herzens. Arbeiten aus der med, 

25 Kurchner, Wagner’s Handworterbuch, vol. 2, 1844. 
26 Oehl, Henle’s Anatomie, Gefasslehre, Braunschweig, 1876. 

the tortoise. 

Klinik au Leipaig, F. C. W. Vogcl, 1893. 

Jour. Phys., vol. 4, 1884. 
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this specimen and continue throughout development, are the 
anlages of the anterior and posterior papillarymuscles respectively. 
In addition a heavy strand of tissue encircles the lateral side of 
the left ostium and unite; the apices of the two papilIary muscles. 
In  the middle of this, protrirdiiig into the left ostium, is seen the 
conspicuous left lateral cushion already rioted in an embryo 
9 rnm. long (KO. 422, fig. 7). This arrangement corresponds with 
what is found in the adult heart. Each papillary muscle not only 
attaches itself to the tips of the anterior cusp but also to the tips 
of the posterior cusp. (It is confusing to use the B.N.A. terms 
anterior and posterior in naming the cusps when the embryological 
ternis should be ruedial and lateral.) Between the two papillary 
muscles there is oftcri a third or lateral papillary muscle, or nu- 
merous small muscles or the two muscles may be widened to fill 
this area. At any rate the structures found around the left ostium 
in embryo 353 represent fully what is present in the adult. We 
have in all cases two papillary muscles, each of which communi- 
cates freely with the tips of the two cusps of the mitral valves. 
On the dorsal side and in front of the left ostiurri the muscle of the 
atrium and ventricle is cont,inixous, as is shown in fig. 16. 

As the heart grows largermore chordae tendinca are formed 
necessarily nearer to the base of the heart,. It follows that the 
primary condition found in No. 353 represents only the tips of the 
valves arid that their subsequent, enlargement is due partly to 
stretching of the anlage and partly to the undermining of the wall 
of the ventricle. 

The united anterior and posterior endocardia1 cushions mere 
projected a t  first into the left ventricle but subsequently its left 
tip becomes lodged in the interventricular foramen (fig. 11). 
To this smaller portion the septum aorto pulmonale attaches 
itself anteriorly and the inferior muscular septum posteriorly. 
The left half hangs freely within the left ventricle throughout life, 
forming a loose flap or sail which is suspended between the left 
venous ostium arid the vestibule of the aorta. While the semi- 
lunar valves of the aorta are somewhat distant from this flap in 
embryo No. 353, later on they are pushed down to it so that the 
aorta becomes finally attached to its base (fig. 17). 
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On the right side of the heart the septum aorto pulmonale 
soon blends with the lateral tip of the anterior cushion and by 
the time the septum is complete, as in No. 353, it divides, one 
portion of which is attached directly to the left anterior tip of 
the common cushion and the other encircles the right venous 
ostium and blends with the right lateral cushion. The posterior 
side of the ostium is formed by trabeculae which pass from the 
lateral cushion mainly to the muscular septum and others which 
course symmetrically into the trabecular system of the ventricle. 
It is by no means easy to determine three systems to correspond 
with the three cusps of this valve. Neither is it easy to recognize 
the t'hree cusps in the adult unless we associate the medial papil- 
lary muscle, which is constant, with the anterior cusp and the 
large papillary muscle with the posterior cusp. If this is done it 
is possible to name the valves in the heart of embryo No. 356 as 

The median cusp is attached in this embryo to  the septum aorto 
pulmonale in front and tp the muscular septum behind. It has cor- 
responding attachments in the adult. The anterior cusp is attached 
partly to the septum aorto pulmonale and to  the large papillary 
muscle. The posterior cusp is attached to the large papillary 
muscle. If this division is correct the lateral cushion belongs to 
the anterior cusp while the posterior cusp is developed entirely 
from the lateral side of the ventricle. The medial papillary mus- 
cle is constant and always extends as a muscle, or as a tendon, 
from the region of the septum aorto pulmonale (tendon of the 
conus) to the anterior cusp which is marked by a similar strand 
of tissue from the septum to the lateral cushion in the embryo. 
That this is the case is shown in sections of older hearts, one of 
which is given in fig. 19. The posterior cusp, over the large papil- 
lary muscle, is of irregular formation and by a process of exclu- 
sion the muscle strands in the embryo which encircle the right 
ostium behind the right cushion, should give rise to it. At any 
rate the right and left ostia of numerous hearts of embryos less 
than 20 mm. long, are slit-like and similar, so that it is impossible 
to state that one is encircled by a tricuspid valve. Each is 
bordered by medial and lateral valves, and each medial arid lateral 

follows (figs. 15 to IS): 
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valve is bound to  the ventricle by anterior and posterior papil- 
lary muscles. In the course of time the valves and papillary 
muscles will be renamed to  correspond with their development, 
which will also accord with the adult condition.27 

C. T H E  ATRIO-VENTRICULAR BUNDLE 

No complete description can be given to the formation of the 
tricuspid and mitral valves without considering the fate of the 
muscular wall of the atrial canal. This a t  once defines definitely 
the atrio-ventricular bundle which is crnbryologically the rem- 
nant of the auricular canal after the greater portion of its muscular 
wall has been destroyed by the formation of the valves. 

His, Sr., described the breaking down of the muscular wall of 
the atrial canal in small embryos and states that it is rieerly broken 
down in an embryo 13.8 (?) mm. long. Lat,er His, Jr., showed 
the presence of a muscle bundle connecting atrium with ventricle 
in the new-born child and discusses the connections betwcen 
atrium and ventricle in lower animals as wcll as in the embryo. 
He noted that the character of the heart beat changed in the chick 
at  the time the atrial canal is forming, at the time the muscular 
connection betwcen the atria arid ventricles is reducing.28 It is 
easy to read into this paper that His thought that the muscular 
eonnectioii between the atria and ventricles never does break down 
completely, although he never states it. Were there acomplete 
separation of the muscle wall of the atria and ventricles before the 
formation of the atrio-ventricular bundle is formed heart block 
should occur in the embryo. That the atrio-ventricular bundle 
is a remnant of the primary connectiori in the embryo is mentioned 
by Tandler as a possibility but he believes it improbable. He is 

27 Direct dissection of the heart of an embryo 30 mm. long (KO. 90, a) shows tha t  
the medial valves of the two,ostia form a saddle hanging over the ventricular 
septum. Instead of single lateral cushions double lateral cushions are present on 
both sidcs. the posterior being larger than the anterior on the right side. h sirni- 
lar condition is sometimes scen in  serial sections. I n  case the ventricles are cut 
through transversely the valve system can be beautifully seen from below, and this 
method of investigation wiII probably settle this question definitely. 

28 His, Jr., I .c . ,  p. 19. 
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rather inclined to think that it is a new formation, as has been 
asserted by Retzer.29 

In following the atrio-ventricular bundle in the foetus Fahr30 
found it in one of 160 mm. long, Tawara31 in one 100 mm. long, 
MOn~keberg~~ at  75 mm., Tandler in human embryos 28.5 and 19 
mm. long, and Retzer in the pig from 15 to  20 mm. long. His, 
Sr., states that the muscle wall bctween the atria and ventricles 
is nearly brokcn down in an embryo 13.8 (?) mm. long. It is 
evident that if the bundle is a new formation it must appear in 
embryos about 15 mm. long. However, in order to anticipate my 
own report upon this subject it may be stated that the bundle is 
not a new formation but is the remnant of the wall of the atrial 
canal after its anterior and lateral sides have been broken in the 
formation of the ‘tricuspid and mitral valves. The portionon 
the posterior wall which connects the sinus with theventricle never 
breaks down; early in development it shows change‘s in structure 
which differentiate it from the rest of the heart muscle. I It holds 
a constant position just behind the posterior endocardial cushion 
immediately over the septum of the ventricle, a position which 
is marked at first by the interventricular foramen and later by the 
membranous septum. 

The atrial canal is first well formed in an embryo 3.9 mm. 
long (No. 463); it is now markedly constricted and is Rretty well 
filled up by the two large endocardial cushions (fig. 4). Its 
outer wall is uniformly niuscular throughout. There is practically 
no changes in subsequent stages until the lateral endocardial 
cushions make their appearance (fig. 15), both of which are pres- 
ent in an embryo 11 mm. long (No. 353, fig. 16). At this time 
there is a break in the region of the left cushion, and possibly over 
the right cushion, as well as in the bottom of the bulbo-ventricular 
groove, that is between the aorta and the left ventricle. At 
13 mm. (No. 406) the break is more marked over the left endocar- 

2 9  Retzer, Anat. Rec., vol. 2, 1908. 
30 Pahr, Virchom’s Archiv, Bd. 188, 1907. 
31 Tawara, Das Reieleitungssystem des Saugethierhereens, Jena. 1906. 
32 Monckeberg, Untersuchungen uber des Atrioventrilrlarbiindel in  mensch- 

lichen Herzens. Jena, 1908. 
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dial cushion, there are several breaks on the right lateral side, a 
large one just behind the aorta and one on the medial dorsal side 
of the left ostium. In other words the muscular connections 
between the atria and ventricles are as follows: A large one in 
front of and a large one behind the left ostium, a number of small 
ones lateral to the right ostium and a large one from the sinus to 
the ventricle dorsally just over its inferior septum. In another 
embryo of the same stage of development (No. 317, 12.5 mm.) 
there are two marked muscular connections, one in front of each 
of the ostia. There is a very marked one from the sinus to 
the inferior septum below. This is composed of muscle fibers 
which arise as two horns to  which the dorsal muscle fibers of the 
atria stream. This is clearly the atrio-ventricular muscle, as 
shown in fig. 17. From now on it is the chief muscular connec- 
tion but for some time additional connections are often seen. 
For instance in embryos 14 mm. (No. 144) and 15.2 mm. (No. 
423) thel*e is an additional connection just in front of the right 
ostiurn, in embryos 16 mm. (409), 18.5 mm. (431) and 20 mni. 
(368) there is tln additional connection just in front of the-left 
ostium. In a number of specimens thc atrio-ventricular bundle 
is not confined to the rcgion immediately over the inferior septum 
but is spread out over the dorsal side of the left ostium (432, 18 
mm.; 431, 18.5 nim.; 368, 20 nim.), while in one specimen 21 mm. 
long (460) there is a single additional strip 011 the left lateral side. 
In general, however, thc main bundle which is at  first broad and 
associated more with the left ventricle than the right, gradually 
becomes constricted so that it is well formed and rounded by the 
time the embryo is 20 mm. long. It is beginning to be isolated 
at 11 mm. and well separatcd at  13 mm. 

The position of the bimdlc is shown in sagittal sections in figs. 
9 (No. 113, 8 mm. long), 13 (144, 14 mm.), 20 (390, 15.5 mm.): 
21 (432, 18 mm.), 22 (431, 18.5 mm.) and 23 (368, 20mm.). It is 
clear in all of these hearts that the muscle connection is from the 
sinus between the posterior cushion and the annulus fibrosus 
into t'he septum of the ventriclc. This is its position in the adult 
heart. In transverse sections the bundle is shown in figs. 8 (No. 
2, 7 mm.), 24 (353, 11mm.) and 26 (317, 16 mm.). Here again it 

TICE AMERICAN JOURNAL 08 ANATOMY. VOL. 13. NO. 3 
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is clear that the bundle lies just back of the endocardia1 cushion. 
Coronal sections of the heart giving the position of the bundle are 
shown in figs. 27 (46, 21 mm.), 29 (409, 16 mm.) and 30 (423, 
15.2 mm.). In  these figures it is clear that the bundle passes 
below the medial cusp of the tricuspid valve and between it and 
the interventricular septum. The extreme dorsal connection is 
shown in fig. 30. In  earlier stages while the interventricular fora- 
men is still present, it is easily seen that the bundle forms its wall 
as indicated in figs. 12 (175, 13mm.) and 14 (424, 17.2 mm.). 

C S  

Fig. 20 Sagittal section. Embryo 15.5 mm. long (No. 390). X 18. 
Fig. 21 Sagittal section. Embryo 18 mm. (No. 432). X 40. 

These sections show definitely thst the bundle is present in the 
youngest hearts after the atrial wall has begun to break down, and 
that its course is exactly the same as it is in the adult. After the 
embryo is over 20 mm. long the bundle is easily secn, as has been 
demonstrated by other observers. Figs. 15 to 18 gives a summary 
of what I have stated. 

The additional strips above connecting atria with ventricles 
in various stages in embryos less than 30 nun. long may be of sig- 
nificance in view of. Romberg’s and Kent’s observations. Rom- 
berg33 found muscular connections between the anterior and pos- 

33 Krcfil and Romberg, IJeber die BedeutungdesHenmuskels, etc., Arbeiten aus 
der mcd. Klinik zu Leipzig, 1893, p. 7 2 ;  and His, Jr., Die Thiitigkeit dcs embryo- 
nalen Herzens, Ibid., p. 25. 
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terior cusps of the tricuspid valves. Kent34 found such bundles 
in the left wall of the heart as well as in the right wall in young 
rats and young rabbits. It is possible that some of these st,rips 

22 

Fig. 22 Sagittal section. Embryo 18.5 mm. long (No. 481). X 40. 
Fig. 23 Sagittal section. Embryo 20 mm. long (No. 368). x 40. 

may be constant or they may be variations. At any rate their 
presence has not been established as has been the atrio-ventricular 
muscle of His. 

34 Kent, Researches on the development of thcmammalian heart. Journal of 
Physiology, vol. 14, 1893. 
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So far I have shown that there is a band of tissue apparently 
muscular, which connects the sinus, or atria, with the ventricle. 
At first it is broad but it gradually beconies constricted. In an 
embryo 12.5 mm. long (317) the niuscle fibers of the at-ria stream 
towards the connecting muscle as two horns, somewhat later it 
arises from a thickened mass in the neighborhood of the sinus and 
finally from the mass which has become converted into a nodule. 
About this time according to His, Jr., the nerves begin to invade 
this region. However, I have been able to trace the ganglion 
cells through the septum to the valves in but a single specimen 34 
mm. long (No. 249) which shows that the nerve fibers really do 
enter the bundle on its atrial side. To, what extent they penetrate 
the ventricular portion is still undecided. 

It is not easy to determine with certainty the destruction of the 
lateral and anterior walls of the atrial canal, and my statements 
rest upon repeated studies of this region in all of my embryos. 
Not only does the endocardial thickening play a r6le in this proc- 
ess but the connective tissue of the epicardium also plays a part, 
as His, Sr., has shown. To what extent the outer connective tis- 
sue plays a part is well shown in the reconstruction of an embryo 
11 mm. long (353). The model shows that it forms a collar 
encircling entirely the heart between the atria and ventricles and 
also extends into the anterior and posterior longitudinal sulci. 
On the two lateral sides the encircling connective tissue is drawn 
into the valves as they become larger arid this process completes 
the separation of the atrial and ventricular musculakure. Be- 
tween the atria and the aorta it forms a large plug which soon 
comes into apposition and blends with the anterior endocardial 
cushion. Behind it encircles the atrio-ventricular bundle so that 
this bundle becomes lodged between the posterior cushion and the 
outer connective tissue. The relation here found corresponds 
with the position of the bundle in the adult, for it then lies behind 
the medial cusp of the tricuspid valve which arises from the endo- 
cardial cushion, and the right annulus fibrosus, which arises from 
the outer connective tissue. 

That the bundle differs in structure froin the rest of the muscle 
of the heart of the foetus has been shown by Monckeberg, who 
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P. c;. 25 

Fig. 24 ‘I’ransvei>c section of thc hcart of an embryo 11 min. long (KO. 353). 
Fig. 25 Enlarged drawing ol‘ the square shown in Pig. 24 including the atrio-ventricular muscle. 

x 33. 

?( 960. 
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Fig. 26 Transverse section. Embryo 16 mm. (No. 317). X 40. 

Fig. 27 Coronal section through t h ~  heart of an embryo 21 mm.long (No.460). 
A square is around the &trio-ventricular muscle. 
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Fig. 28 Enlargcd drawing of the  atrio-ventricular muscle shown in Fig. 27. 
X 360. 
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describes and pictues it in a specimen of the fifth month. Fahr 
states that the bundle is less pronounced in the foetus than hi the 
adult but that its position is the same. Tandler found it in an 
embryo 2U mm. long as " distinguishable even under low powers 
by its staining propertics." The riuclei are dark arid tlie cell 
border stains faintly with eosin. At 20.5 mm. the cells of the 
bundle ha le  become larger both in thc atrium arid the ventricle. 

In  suitable sagittal sections of the heart the atrio-ventricular 
bundle may be yecognized in an embryo 8 mm. long (fig. 9) as 
a strand of tissue extending from the region of the sinus to tlie 
ventricle. This tissue is somewhat separated from the rest by 
delicate spaces and its cells stain somewhat more iiitensely than 
the rest. In embryo pigs 7 rnrn. long the bundle appears more 
like epithelium with a tendency towards vesiclc formation in the 
immediate region of the sinus. In larger foetuses of the sheep the 
epitlielial nature is most pronounced. In an eiiibryo 11 mm. 
long (figs. 24 and 25) the nunierous srriall spaces around the bundle 
erxircle it from the rpgion of the ,&us just behind the posterior 
endocardia1 cushion, along its courne behind the medial cusp of 
the tricuspid valve to the upper border of the veiitricular septum. 
This 5ame arrangement is found iii another embryo (12.5 rnrn. long. 
fig. 6) cut in the same plane axid stained in the same way. In  
this specimen the muscle fibril.: are not preseiit in the bundle but 
they are foixrd in the muscle cells of the atria and the ventricles. 
In a sagittal section of an embryo 14 mm. long (fig. 13) the binidle 
is recognizable throughout its extent by its sixrrounding spaces 
and not by its staining properties. In  175 (fig. 12) thebundle 
can be followed into tlic two ventricles. The same structure and 
arrangement is made out in embryos 15.2 iiim. (423), 15.5 mm. 
(390), 16 nim. (409, fig. 28) and 17.2 nmi. (424 fig. 14). In  
older. sprcimeiis the iriterventricular foramen is just closed and 
the bundle reaches to it from the region of the sinus. Two limbs 
are easily outlined one of which reaches to the riioderator band of 
the right ventricle, which is pronounced in the human embryo. 

The atrio-ventricular muscle ir well lodged between the valve 
and the annulus fibrobus in an embryo 18 mm. long (432, fig. 21); 
it  again extends into the moderator band. The same is observed 
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in another specimen of the same size and prepared in the same way 
(No. 43, 18.5 mm. long). At this stage the nerves have reached 
the region of the sinus as is seen in specimen (460, 21 mm. long). 
In this specimen the bundle can be followed by the spaces around 
it, figs. 27 and 28. Another specimen (368, 20 urn.), which is 
unusually well preserved to show the fibrillae of the heart muscle, 
shows that the degree of development of the atrio-ventricular 
bundle is the same as that of the rest of the musculature of the 
heart. 

c 

Fig. 29 Coronal section t o  show the position of the atrio-ventricular muscle. 
Embryo 16 mm. long (No. 409). X 18. . 

Fig. 30 Coronal section, well dorsalwards, to  show the extension of the atrio- 
ventricular muscle t o  the coronary sinus. Embryo 15.2 mm. long (No. 423). 
X 15. 

The spaces around the bundle in embryos from 10 to 20 mm. 
long appear to continue in the adult; possibly they form the bursa 
of the bundle described by Curran3j and the spaces which encircle 
the Purkiiije fibers. Brilliant injections of these have been made 
by Lhamon.36 

In ail embryo 34 mm. long, No. 249, the atrio-ventricular bun- 
dle is chiefly muscular as it passes to the ventricle. Near the sinus 

36 Curran, A constant bursa in  relation with the bundle of His. Anat. Rec., 

3G Lhamon, The sheath of the sino-ventricular bundle. Amer. Jour. Anat., 
vol. 3, 1909. 

vol. 13. 1913. 
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it is iiivaded by nerve cells. From now on there is a change in the 
structure which is well shown in two foetuses 50 mm. long (n’os. 
84 and 96). In both the cells are more ‘epithelial’ in appearance 
and in the former this differentiated band can be followed into 
both of its divisions, one of which reaches to  the moderator band. 
The limb of the bundle which passes to the left ventricle is most 
sharply defined. In a foetus 80 mm. long (No. 172) this bundle 
is easily made out and appears much as it does in other foetuses, 
or as it is in the adult. 

It is thus seen that the atrio-ventricular bundle is present in an 
embryo 8 mm. long and that as soon as the muscle of the rest of 
the atrial canal is broken down it becomes outlined by encircling 
spaces which are now formed. Later it is composed of muscle 
which resembles much the rest of the heart musculature. When 
the nerves invade the septum of the atria the atTrio-ventricular 
muscle shows marked histological changes which remind one much 
of the Purkinje fibers. These I have followed into both ventricles 
to the moderator band on the right side in the human heart, and 
through it in the pig. In the foetal sheep up to 15 cm. long much 
the same conditions prevail and by using a great variety of stains 
I was able to follow the atrio-ventricular bundle beyond the mod- 
erator band; no Purkinje fibers were found. As we now know the 
continuity of the bundle with the Purkinje system it is not remark- 
able that in early stages the structure of the main bundle simulates 
that of this system. In the adult heart Purkinje fibers are found 
throughout the ventricular portion of the atrio-ventricular bundle 
and this is all in harmony with what I have found. I can not leave 
the subject without expressing the suspicion that the differentia- 
tion of the Purkinje system is in some way due .to the influence of 
nerves when they appear in the wall of the sinus. 

D. 1LIUSCULATURE O F  THE LEFT VENTRICLE 

It is practically impossible to unravel the musculature of ven- 
tricles from serial sections alone. However, it is possible to gain 
quite a clear picture of the muscle bundles by direct observation 
of the whole heart with the aid of the dissecting microscope. 
About two dozen hearts were removed from human embryos 
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ranging from 10 to 40 mni. in length and these were first carefully 
studied with various enlarging lenses including the binocular. It 
was found that the hearts froin embryos over 15 inm. long could 
be dissected under the binocular to great advantage, especially 
after they had been stained in alum cochineal. So all of the 
hearts were stained and preserved in alcohol. No dissection was 
made hastily and during the preparation numerous sketches made. 
In the course of time after many at,tempts had been made I finally 
satisfied myself regarding t>he various stages of the development 
of. the chief niuscle bundles of the left ventricle. 

The following specimens were dissected; the smallest embryo 
was an unusually good one from a tuba1 pregnancy. The heart 

Number und length of ernbrgos whose heat% wew rerrioved ent ire .  studied und d i s s p c t e d  

NO. 

426 

3 60 
434 
9oc 

40d 
9Ob 

28% 

LENGIB 

19 
23 
25 
25 
27 
27 
30 
40 

was removed and exainiiied many times in various fluids by trsns- 
mitted and reflected light. The best drawings were obtained 
from the stained heart while it was in 60 per cent alcohol. These 
are shown as diagrams in figs. 31,32 and 33. It is noticed at  once 
that most of the striations on the surface of the heart arc circular, 
which is probably the arrangement of all the fibers in younger 
specimens. However, a t  the apex certain changes have taken 
place which fully account for the arrangement of the muscle 
bundles in the adult heart. In  front of the heart, a t  the bulbo- 
ventricular furrow, thc fibers leave the bulb and penetrate the 
medial side of the left ventricle, as indicated in fig. 31. Behind 
the fibers leave the surface of the left ventricle and enter the 
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inferior septum which is just beginning to  form froin below and 
behind (fig. 33) .  Thus it is seen that the vortex of the apex is 
laid down in the heart of an embryo 10 mm. long (fig. 32) .  

In  a set of perfect serial sections of the heart of an embryo 

31 33 

32 
Fig. 31 Outline drawingof the front of the heart of an embryo 10 mm. long (No. 

Fig. 32 The same heart, view-ed from below. 
Fig. 33 The same heart, viewed from behind. 

426). The course of the fibers is indicated. 
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426). The course of the fibers is indicated. 

11 mm. long (353) no such interlacing of the fibers can be seen, 
excepting well up near the base of the heart where the fibers from 
the right side cross over the anterior longitudinal furrow, while 
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in the posterior longitudinal furrow the fibers from the left side 
enter the septum. There is every indication from the study of 
older specimens that the ‘vortex’ formation is at first well up in 
the middle of the heart and that only later it is pushed down to 
the apex of the left ventricle.37 I was unable to determine this 
point with certainty from my sect’ions. However, it is clear that 
in an embryo 3.9 mm. (463) long (fig. 1) the posterior bundle, 
that is the bulbo-spiral, enters the septum and forms its upper 
border just below the inter-ventricular foramen. Below this the 
sino-spiral should pass into the left ventricle in front, but sections 
do not show that the cells in this region of the heart are passing in 
any special direction. However, it is seen that the circular muscle 
of the left ventricle appears at the base of the heart and not a t  its 
apex. In  this embryo the interveiit,ricular foramen is 0.15 mm. 
in diameter; in one 8 mm. long (1  13) it is 0.3 mm. in diameter and 
in one 11 mm. long (353) it is 0.4 mm. in diameter. This indicates 
that the ventricles grow longer by a down growth of their walls 
and not as an upgrowth of tjhc inferior ~ep tum.3~  With this 
in view it is clear that the bulbo-spifal should be located near the 
base of the heart at the time of it’s earliest appearance. 

In ail embryo 12 mni. long the superficial fibers on the dorsal 
side of the heart, that is the bulbo-spiral, could be followed into 
the ventricular septum and the sino-spiral around the heart into 
the left ventricle. The structures showing the direction of the 
muscle fibers could only be scen after the wholc heart had been 
stained with cochineal and nicthylerie blue. h i  a specimen 14 
mm. long (360) the heart was dissected from behind underthe 
binocular microscope and the sino-spiral bundle was followed. 
These fibers passed on both sides of the ventricular septuni in 
front to the septum aort20 pulmonale, that is they formed the longi- 
tudinal bundlesof the right ventricle; the spreading out of the sino- 
spiral in the left ventricle as well as the interpapillary muscle 

3 7  Mall, Bifid apex in  the human heart. Anat. Rec., ~016,1912. 
s *  Plack (Further advances in physiology, Xcw York, 1909) says t h s t  the ventric- 

ular scptum grows downward as the ventricles expand and unite. The atrio-ven- 
tricular bundle is thus associated from the first with the oldest part of thc septum, 
that  is, its upper border which encircles the interventricular foramen. 

TEE AMERICIN JOURNAL OF ANkTOWY, VOL.  13, NO. 3 
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bundles were also seen. ,4 large band of fibers crossing the right 
ventricle was incorporated with this system; no doubt it is the 
moderator band, which is very pronounced in the embryo. 

The two main bundles could be followed with precision in 
the heart of an embryo 17 mm. long, the bulbo-spiral passing into 
the upper part of the septum and the sino-spiral to the anterior 
wall of the left ventricle. 

By the time the embryo reaches 25 mni. in length it is easyto 
demonstrate that the strands of muscle which were observed in 
younger specimens are destined to become the main muscle bun- 
dles of the heart in the adult. First of all there are fibers on the 
dorsal side of the heart which cross diagonally the posterior longi- 
tudinal sulcus to reach the apex of the right ventricle. From 
here they pass to the left ventricle aiid pierce it near the apex 
anteriorly to form the anterior horn of the vortex.89 From this 
horn fibers pass on the right side of the ventricular septum to the 
septum aorto pulmonale, that is they are the longitudinal fibers 
of the right ventricle. Under the sino-spiral band loops of fibers 
are seen which encircle the left ventricle and end in the posterior 
triangular field. All of these loops enter the septum from behind 
and form the bulbo-spiral fibers. This arrangement was clearly 
demonstrated in a heart from an embryo 17 mm. long, as well as 
in specimens 25 and 27 mm. long (figs. 34 to 37). In one of these 
(No. 33) the sino-spiral turns upward at the apex of the right 
ventricle along the lower part of the anterior longitudinal sulcus 
and then enters the left ventricle. At this point the fibers blend 
with the trabeculae of the right ventricle and then give rise to 
the longitudinal fibers of the septum of the right ventricle. The 
bulbo-spiral bundles form loops reaching towards the apex of t'he 
left ventricle, that is, they arc only an extension of the posterior 
triangular field. This, as has been shown in the previous study, 
remains in the adult as the circular fiber of the left venous ostiuni. 
At the extreme posterior border of the left! ventricle there is a 
marked raph6 to correspond with the base of the posterior papil- 
lary muscle much as in the adult pig's heart. The sino-spiral 

39 Mall, Amer. Jour. Anat., vol. 11, 1911. 
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loops now form the anterior horn of the vortcx and thc lower end 
of the loops form the posterior horn.40 

To sum up: The simple heart tube is made up of circular fibers 
which in a general way remain circular throughout development. 
After the heart is well kinked upon itself the fiber bundlesaround 
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Fig. 34 Coiirse of the fibersin the heart of an embryo 17 mm. long. The vicw is 

Fig. 35 Thcsame asfig.34from the heart of an emhryo 25 mm. long. The fibers 

Fig. 36 The same at8 fig. 35, from a n  embryo 27 mm. long. 
Fig. 37 The same as fig. 35! from another embryo 2'7 mm. long (No. 33) .  

from behind. 

which pass to  the base on the right ventricle are present. 

the venous and arterial ends remain circular but there are marked 
deviations a t  the apex which correspond with the kinking at this 
point. Those fibers that arise from the bulbo-ventricular groove 
in front encircle the left ventricle and enter the ventricular sep- 

4 o  His, Ans t . ,  mcnsch. Ernbryonen, Bd. 3, S. 177, makes a statement which is 
just the opposite of mine. 
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turn behind quite high up so that they form its border just below 
the interventricular foramen. Those that arise behind encircle 
the right ventricle and enter the heart in front of through the an- 
terior longitudinal sulcus. Now as the heart grows by an extension 
of the ventricles downward these two encircling bands also grow 
and ultimately become interlocked at t8he apex of the left ventricle, 
the fibers from the bulb forming the bulbo-spiral band and the 
posterior horn of the vortex; the fibers from the sinus side, the 
sino-spiral band form the anterior horn of the vortex. As the 
sino-spiral band becomes larger and larger it is shifted over the 
greater part of the bulbo-spiral band on the posterior side of the 
heart. On the anterior side of the heart with the growth of the 
anterior longitudinal sulcus, the sino-spiral band gradually extends 
sending bundles to both sides of the septum, that is it constantly 
straddles the septum from its lower and under side. By this 
extension it binds together the inner walls, especially the papil- 
lary muscles, of the two ventricles with each other. These are 
the two strands shown in figs. 35 to 37. 

The bulbo-spiral band first extends from the bulb over the left 
ventricle, and with its growth penetrates its wall, ultimately 
including its apex to  end in the posterior horn of the vortex (figs. 
31 to33). In sodoingit produces Ioops which constantly turnupon 
themselves to return to the base so that when viewed together 
the bulbo-spiral band appears as a series of telescoped loops of 
sheet fibers as is now well known. At the base of the left ven- 
tricle the fibers are more circular forming a thick fleshy mass on 
its dorsal side, the triangular field, which in the adult still marks 
the embryonic conditions; all loops of the bulbo-spiral band are 
but an extension of this field as is shown by the developnient of 
the fibers as well as by the architecture of this muscle in the adult-. 




