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I Introduction 

i~y did I ch oose to write on carmiac di latation 

and hypertrophy c s the subject of this thesis? 'Ihe 

actuPl corrJ;oe.i tion of' e paper is in r eny ways less 

disc oncerting and tire consurring than the choice of 

a topic i tse.~f . I ende2vor·ed to rr.ake a choice wb ich 

wo uld result (selfishly) in the rrcxirral benefit to ne , 

and at the smre tir e a choice of a conterrpor·ary con­

troversial topic. The cardiovascul ar system has always 

been a. source of intrigue to rre , and wer·e I to choose a 

subspeciality of internal rredicine , cardioJ~gy would be 

=y first choice. As t o why cardiac d.ilatation ond hyper­

trophy specifically- t r- ese two car·diac echanisrr,s are 

the corq,.. onest and the r ost irportant evidences of car­

diac disease , yet the basis of t r eir conception is as 

yet in an unsett.led state. Despite this fact, the re­

search pertinent to cardiac enlar·ge1rent today is indeed 

rd nirral, certBinly not adequate; and of the rese&rch 

which has taken place , chiefly since t he tirr e of Star­

ling and his coworkers, a corrprehensive and aniytical 

review and criticisrr: are wanting . 'lherefore, I have 

chosen this topic (in no particular order) : 

Fir·st, because of t Le benefit I hop ed to derive 

froP" it: 

Second, because o:f' an int-ense interest in the 
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cardiovascular system. 

Third, ,b E. cause the problerr of dilEtation and hypert­

rophy is surrounded by arrbiguity and c-onflict. 

Fourth, because , I :found no evidence of a critical 

survey on this topic. 

The nethod in which this paper has been divided is 

arbitrary; its intent is clarity of thought without dis­

union of thought. Each end every category is integral~y 

interrealted despi t e the divisions of this paper. 
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II Ba$i~ Physioiogy 

The experir·entation leading to the present day 

knowledge of caPdicc enlargerren~ had its roots in the 

works of Starling 2nd hi s coworkers. For a corrplete 

corrprehension of their works and the works of subse­

quBat investigators_, certain conepts must be under­

stood. 

Dilatation consists of a stretching of the in­

dividual fi1Jers of the heart wall. !-iyper·t1ophy con­

sists of the increase in size of the individual nuscle 

fibers, Bnd, it is thought, not an increc se in their 

nu- ber, although isolated examples of active prolifer­

etion of the heart h&ve been reported in children ~nd 

infants (Uac !-:~hon, 1937). 

We know that rruscle contracts r:or·e forcibly if 

it is loBded by weight before excitetion. The weight 

stretcres the fibers and exerts a tE::.nsion upon them. 

I:f the ryuscle contracts isorretrically, the developed 

tension is found to be pr·oportionEl to the length of 

the rruscle before excitation. The latter is called 

the initial length of the rruscle.. 'the tension exert­

ed by the load on the fibers just prior to contract­

ion is celled the initial tension. The tension devel­

oped when the rruscle contracts is r·efer-red to as the 

developed tension. The length of a rruscle cor·respond-
-3-



ing to t hat which it possesses in its natural posit-

ion in the body is spoken of as the physiological length. 

\4.'hen we weight a resting n_uscle (skeletal), there is 

little change in initial tension until the nuscle is 

stretched beyond its physiological length. Hove,er-, up 

to this point, the developed tension actuelly increc.ses 

with each increrr ent of initi al length, but beyond it the 

developed t ension di 1vinishes wi t b incr·easing initial 

length. Yet, only when the ,-,..uscle is stretched beyond 

its phys iological length is t here any rrnrked increa se 

jn initi al tension . We ray t herefore conclude that the 

power of contraction of skeletal rruscle is dependent 

upon initi al length and not upon a stir;ulating effect 

of initial tension on the nuscle fibers ( Best and Tay­

lor, 1944). In diagram "A" below, these relationships 

for skeletal rruscle are clearly seen. 

Length 

1 Red-tension 

lue-length 

I I I I Jx I X-Physiol. 
length 

Tension ) (After Star-ling , 1914) 

Diagram "A" 
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The relation of initial length end developed tension 

in skeletal rruscle 0 ·ay Plso be applied to heert nus-

cle. ¼ben sirrultaneous records of dieaolic voluffe 

and intreventricular- preesures(initial length and de­

veloped tensions) are obtained and charted, a graph 

clo c.ely sivulcting Diagram "A11 is the final r·esult. 

These early experi,... ents of Starling(l914) serve as 

the bEsis for his Law of the Heart, na rr ely, that the 

energy set free a t each contraction of t r e heart is a 

si,,. ple function of' the length of the fibers corrposing 

its r uec ;J lar walls. The greater· energy liberation as­

societed with the increesed initial length has been at­

tributed to t h e increas ed cherrically active surface 

resulting fror dila t ation. Anr-ep and Segall(l926) 

have also confir~ed t hese early conclusions; these in­

vestigctors found that when the isolated fr·og 's ventric- . 

le co 7.tracted ±sorretrically, the c ,mtr-actile force up 

to a point i'1creesed pr·oportionately with the f'illing 

of the ventricle: the rLaxirral tension developed when 

the ventricle was filled to two-thirds of its r.aximal 

capacity. Filling beyond t his two-thirds caused a r·ise 

in the initial tension and a reduction in the develop­

ed tension. In other words, the process of dilat ation 

would see ..... to be corr pensatory until the physiological 

lerigth is reached. These relationships, including 
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ini tial tension, are shown below in diagr2m "B". 

70 

Tension) 60 
(rrm Hg 

EO 

40 

30 

20 ' 

, / 10 

I 

/ 
I 

I 

~==.--

/ 
-

A 

F 

---/ ,,, 

0 .06 .12 .18 
~.c. Filling 

fter AnI"ep and 
Segall, 1"936 

r·og 's ventricle 

(Interrupted line-init i al tension) 

Katz(l934), wor·king with t h e turtle heart, showed thc?t 

when he dissociated the ef~ts of these two factors up­

on developed t ension, that is, when the initial tension 

was varied but initial length kept constant or the con­

verse or when both were varied i n the sane or opposite 

directions, the result alv"ays imicated that ini t ial 

length was the f actor which deterr! i ned the f orce of con­

traction. Thus, t be relation betv,een initial length, 

initi ci l tension, and developed tension seerrs well es­

tablished. 

In all of the above .experiFents, whether the con­

dition of the heart was good or bad, t he relationship 
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between oxygen consur, pt.ion end diastolic volurr e Wc,s the 

sarre; this r eans that f or a g iven piece of work the 

poorly nouris'bed heart uses r. ore oxygen since it di­

lGtes rr ore th;= n. does ::-- heart in good condition, or 

the proportion of total energy expenditure which ap­

pear·s a.s rrechanical v. ork is lower when tbt hear·t n.us ... 

cle dep;:: rts f r·or.- its pr i r e physiological state. 

This constant r e tie of oxygen consurrption to diastolic 

volurre wa s clearly shown by Starling and Visscher in 

19~7. 

The reserve of the heart depends on or resides in 

t he ex t ensibility of the rruscle fibers, within th8 

physiological li~its. We rr2y define the carmiac re­

serve as t he difference between the e nergy at rest c: nd 

the raxfr-- al energy that the heart is capable of exert­

ing. It is apper·ent that the hearer t he fiber during 

di Estole approaches its physi olog ical length, the 

gr-ea t er will be the encroachrrent on the heart re s er·ve. 

Henderson and Barringer (1913) have shown that "the 

c ardi a c output and venou s pressure par·allel each other 

up to a venous pressure of a t ou"L 50rr.n_ . of water, but 

ab ove this level ee<'h further· rise in venous pres sure 

is acco· ·panied by a smBller r ise in cardiac output. 

Their experirrents, perforTr ed on dogs, hav e not been 
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III Dilatation 

Pathology 

Di latation i s t h e stretching of the heart wall due 

to the weakening or at onic state of the rm scle or re­

sponse to phys ical derrc:nd for increased output of blood 

per beat. If t h e process is acute, it rray go back to 

norr-al: if i t is chronic, there nay be i:errranent stret.ch­

ing; however, the usual cour r e is fr dila t ation to per­

sist or progress. 

Grossly, the dilated h e ar t is enlar g ed and u sually 

of globuler f orv . In secondary forrr s, the nuscle is 

s oft, fl abby, BnG dark red. In prirr ary for rr s, the nus­

cle shows v er ious forms of degenerations, aneriia, or 

necro s is. The ventricles show £ pa1ticular feature of 

dilatation in the flat te"'J. ing of the colur nae car·na e 

and papillary n-uscles. 

i icroscopically, t h e rruscle fi b ers are narrowed 

be cause o:' ettenuEtion. There rra;y be no notable de­

g enerat ive changes in the r·uscle or there may be cloudy 

swelling, fetty degenera tion, 0 1 necrosis. 'I he prin­

ciple effects of dilatetion ere fall in the n ean sys­

tolic pressur·e End in pulse pressure c.ssociated with 

pa s sive hype remic of t he viscer·a, with all the changes 

i ncident to pc=issive hypererria, both functi onal and 
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r--orpholop:i <'al. . The passive hyoer er ia has es its im­

portant Fnato~icel sequelae not only stagnation of the 

blood in tre vessels but also edera, pig~entation , heem­

orrhage, pFrEncryr atous degenerc:tion , c2tE.rrhEl in flan­

=ation, and fi ~rosis (KDrsner, 1943). 1hese r rra) ell 

give sy---rto-r-s end i=:i gns refereble to the region. 

Dilatation is s eid to be rryogenic when the rryo­

c E. rdiurr itselT is the site of tre anenia or s oi e cigen­

eretive petrological process. Dila t ation is said ~o be 

tonog enic w'he·n it is seconda1 y to increaFed ¼ork on a 

nor!"'Pl T"'yocFrdiur- . ':'he di la t etion of e hypertrophied 

re ;::rt rr2y aprerently be tonogenic ·when the lir. it of 

hyrertronry is reached, for in ctrtain cases, no ex­

trinsic r yocPrdiel dise Es e is found to explEin the 

diletation. The diletc>tion usuPlly effects t}-_e ch&rr­

ber which h2e the gr·EC c t est load~ in rryogenic dila­

tation, when all four ere usurlly effected , the right 

etriurr is the r ost severely affected. In son-e in­

~tances, t'lie cii l etetion r·ay be tonogenic end r.yogenic 

so t0Pt all chc:rrbers are involved but one in partic-

ular . 

AnatoTT'y 

A fact of grert i nterest is t het diletation does 

not frorr the stF1rt involve the whole vent1icle, 'but 

evolves in cheracteristic fashion . This k nowlEdg e is 
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lergely due to the cereful r-easur e E- nts, in1.Erm 1 end 

exter·nFl direns:ions, carried out by Kirch ( 1921). 

!{is studi.ei=: were concerned chiefly with the inflov, and 

outflov, tr Pets of tre ventricles . 'Ihe inflow tr act 

of the left ventricle extends froL the mit1al or·ifice 

to the c'pex: t1'e outflow t,r;: cts extend frorr 1.,te apices 

to the rulT!"oner·y and eortic orifices . Studying t1,e 

left ventricle in hypertension and cor·tic vclve disease 

~nd the right ventricle in conditions of increcsed 

pulronic resistence ( rritrcl disease and €rrphyser1-a ), 

Kirch found tra t the dilBtation of a ventricle in 

these conditions Flweys begins in the outf~ow tract 

whicl, i~ 1:)ot1- elongatEd end b roedened, and he also 

found thet tre di l atation begen in the terr inal por­

tion of t1'e ou1-flow tract under tht pul rr-onc1y conus 

and sortie ri~gs . The dilatation then progresses &e 

gPinst the direction of blood flow to the ape:x ; then the 

inflow trrcts are involved so thEt the dilatati on f in­

ally r eE1ches tre eur·iculo- ventr i cular rings . In over 

ten yeFrs investigation, he fou:,d n r ny instances when 

the out~l ow tre.ct was involved end the inf ...... ow t,rac1., 

norr2l, but never tre reverse . The dilatetion frorr 

co1onary disea~e or ~yocarditis s eerrs t o involve all 

per-ts of' t~E venttcle equally. 
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Kirch also found that in tonogenous dila t ation the 

principle change was elongation of t1:e outflow and then 

tbe i n-f"'low tree ts , while in rr,yogenous , br·oadening pre­

dorrin2tes over elongation. He observed elongation of 

over ~<r above nor~al with only r·i :.in el broadening in 

the apical reg ion; since tonogenous dilatation is usu­

ally the besis on wh ich the hear·t dilates in &rterial 

hyper tension, trese ob serve tions :fur·nish an exr;lan-

ation f or t he well known fact that in corr.p€nsated hy­

pertension of any ye ars s tanding, roentgenolog~ reve­

als littl~ or no incree se in t t e t ransverse dianeter 

of the heart, but an often n erked elongation of the 

left ventricle down into the shcdow of t he diaphragrt . 

However, when :fai lure results in such a case as a ree 

sul t of coronary atherosclerosis, the resulting rryog­

enous dilatation is rrErked by a broadening of t h e or­

gan. Kirch also believes that t his tonogenous dilata-
-tion :is the predon inant reason why the heart i u:rr edia"Le-

ly after exercise does not reveal the enlargerr ent th2t 

would be expected. The independent behavior of the in­

f low and outfl ow tracts as regards dilatztion and hy­

pertrorhy is evi de·-tly an expression of functional 

di.t: f:ference between the two portions of t he venlri cle. 

The extent of' di le t at.ion r ey be:. enor-n ous; the 

h igreet degree of diletation is s een in_ the auricles . 

-12-



With t~ e tLinning of' tr e v-,alls of the dilated chan bl r 

g oes an atl,enuBtion and eJongation of t l' e parillary 

r-uscles end chorde tendinF.e ES vvell as flc t,Ho ning 

of the trabeculae of t re v entricles and t he pectin2te 

r·up.cles 6'ft the eur icular- append<?ge s; in extr en e in­

stanc-e s · the se lFtte r rruscles - E. y be h ar dly discerni­

ble. An i r- portc n t accor panir ent of well rr arked dil&tc­

tion rraybe enlarg er ent of t he au1 iculo-ventricular· 

orifices, u sually nure rrarked in the tr·icuspid than 

the · i t r·al valve. Vvhile the arteri al rings r, ay be in­

volved t oo, these are r uch , ore closely r·e l ated to 1,he 

condition o .,, t he c:: ort2 and puln onar·y artery. Wi th high 

;_ rade dilatation an6. hypertrophy of t he left ventricle, 

the inte r-ven t ricular septurr. protnldes into t h e right 

ventricle, giving the l atter a crescentic appearance 

in cross section end a d i r inish ed capacity; as will be 

shar;n li:-ter, it i s this protrusion. which i s r·esponsible 

for :inv olver ent of t he right si de o f the heart i n sot e 

cas e s of hypertension. A dilated cha ~be r noy compress 

any of the surrounding 8tructures dependin~ upon the 

directi on of enlergerent-lungs, bronchi, diaphragn,, 

esophagus, e nd Eo forth. 

-13--



-The r.(echanism of Dilatation 

The .condi t ions leading to cardiac dilatation n:ay 

be divided into two categories, although there are a 

few exponents for the ~hird category to bementioned 

below. In the first category we have that dilatation 

which results fr·on an increased load on a heal thy car­

diac rruscle; this is called physiologic, active, or 

tonogenic dj latationO ori tz, 1908). We would include 

under this heading the increased work kno1i, n to result 

fron. hyperte nsion and valvular diso1 aers. 1he exper­

i "Irents of Starling (1Sl4) on his heart-lung prepara­

tion have gone unquestioned in this respect. In his 

experirrents with a v,ell contr-ollEd closed systerr, the 

elevation of· ar·t er-ial pressur·e and production of val­

vular lesions with resultant tonog enic di.Latation cor­

roborate the i ,pressions noted at autopsy. 'lhus , the 

conlusions arrived et frorr research and po s t rrorterr ex­

a:"linat ion are co;;-patible with the ~ aterial nenti oned 

under Basic Physiology and to be reemphasized in this 

thesis , that is, a great€r lo ad on a heal -c,hy nuscle in­

cr·e a ses the energy ouput, encroaching upon the n axir1.al 

energy, decreesing the cardiac reserve, producing dila­

tation, with a resultant increase6 in developed ten .... 

sion pE>ralleling the degree of dilatation, and ser·v­

ing as a terrporary conp €nsatory rrt chanisrn. 

-14-
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In the second category of' conditions leading b car·­

diac dilatation is that dilata1-ion due to in,paired con­

tr2~tility of' e dmraged rr yocPrdiurn, which r-ay hcve only 

a non·al arrount of vvork pleced upon it. Tbi s dilata­

tion is called pcthological, pcssive 01 rryogenic dila­

t 2tion (Foritz, 1908). rn this case, too, the c2rdiac 

reserve is decreased, but not due to increased load on 

F healthy r-uscle, but due to sarre load on a diseased 

.,..-u se le: this then would result in a broadening of the 

cardiac silhouette, as opposed to pr Lmary elongation 

with dilatation in a heal thy : uscle . Included in 

this ca t egory are such :·· yoc.:ndi:al infl&rrrr a1,i ons Eis 

dioheritic and rhEurratic, as well PS coronary disEase. 

In the third category is that type of dilata Lion 

which is though to result frorr decrea sed diastolic 

tone dependent on aberrations of the nervous control 

(Hering, 1921). This theory has never been amply prov­

en or confinr ed and at the rrost wo uld only account f'or 

a very s~all percentege of t he total cases of' cardiac 

dilatation. 

Corrrr on to the rrain categories above i s a decrease 

in the ccrdiac r·eserve, whethel' it be 1.onogeni c or rLyo­

genic in nature; if' this be sic idea is kept in rdnd, the 

processes of dilatation end hypertrophy will be consider­

ably clarified. The die.g1cms which follow with their 

-15-



accornanying explane t ions should go f'ar towards re-

r ovi n,g t he arrbigui ty concerning dilatation ana hyr, u ­

t rophy. 

:-1. E.,_ 

I 
I 

Diagram C 

Norrral Person 

~ - --- - ~'1. E. 

i 
1 

Diagram D 

Normal Person ~ith 
strenuous exercise 

ER ~ ...... ~ ... :p-=--~ .I ER 

i'AE 

T 
CR 

! 

Day Night 

Diagram E 
Ton~genic etiology 

- or- - .. - ,... - - - -

-- - -

y g .w 
;1E-r'axif"al ener·gy 
CR- Cardiac reser-ve 
ER- Energy at re st 

Day Night 

Diag1am F 
~wogenic dilatation 

ME ..._ __ _ 

1 
----

CR 

J .....-:: 

Day Night 

1.ed line- cardiac energy.(kinetic) 
(Or·iginal dicgrFr-s by R. B. Kelnensohn) 

Tbe vertical divisions of energy in the above diagrarr s 
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are not cor-rect absolutely or- relatively, but they 

do serve the purpose for which they were intended. 

Diagrarr 11 C11 depicts a normal individual with nor·c al 

daily physical activities. It can be seen that tl.er·e 

is little deviation frorr, the base line of energy at 

rest, that when deviation does teke place, it takes 

place chiefly during the dey. As a result, the car­

diac r·eser·ve is rr c:Kir al for t.hct per·son. 

Diagr arr "D" depicts a norrr al p€r·son(fron, a car-

. di ova scular· staridpoint) subject to strenuous exercist-. 

It will be seen that t here is a reduction in the car­

diac reserve during the dcy, when physical activity 

is at its F·axii.P"urr, but that t h is cardiac reserve is 

Flrrost corrpletely restored to norrral during the period 

of inactivity or sleep, 

Diagrc>rr "E" depicts a per·son with a norrr al rr yo­

cardiurr, but Pn ex cess loa d on that rr,yocardiun.. As 

a result, the carrlliac reserve is decreased, due to 

an inCI e Fsed energy utilization c:t physical rest, 

though the r exi~al energy t hat t het heart is able ~o 

Attain if still the same. It is i n.portant to note 

the diffe:1Ence in this graph ·as opposed to graph "C 11 • 

Whereas in ''C", there is a return to a nor'l al energy 

utiliz~tion at night arid an opportunity to reverse the 

hysicoche~ical process es responsible for dilatation, 
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in "D" no such orportunity eJ<ists , forthe fc1ct or·s 

responsible for the increaf'ed cardiac load , hyper­

tension end vPlvular disease , persisted cons~E n~ly. 

DiagrE.rr "F" depicts an individual witt. an abnor ­

ral r-yocardiurr . The cardi ac reserve in this cese 

is di,,....iniE.hed becpuseofthe dernege to the P-yocardiurr. 

reeult-ing in e dir-inution in the energy that tte heart 

is CFfc"ble of Et te i ning , or a dimi nution in the n cx-

ir al energy. The car dicc r eserve is 2lso dec1 eased 

hec'r->use working inefficiently ,sit rust it requires 

a grec= ter energy expenditure for· the sar ~ arount of 

work . It CFn be seen ttet in both tonogenic end 

r·yogenic dilatation, there is e decrease i ::1 the car­

diac reserve, c ltrough the r·ee:benisrr,s responsil:le 

for this decrerse are dissir iler. Fror: t he above 

diagrarrs, we r ay conclude thr->t dileta t ion is brought 

ebout by c decreFse i '1 tre CFTdiac reserve, thc:i t this 

is only ter-por ary unless the basic n-echanism is c on­

tinually exerting its effect . 

We thus see that there are two me.jar categories 

of p1'y~iological end rathologiccl phenon ena -v,hich 11 ay 

lead to dilatation . It was not necessary to attenpt 

t o prove these in thi s paper , ae the evidence in tbei~ 

fc>vo1 · is ovErv,he l rd ng end their validity i s r E:cogni zed 

by all ::-uthori ti es in the field . Eowever , what w2s 
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within the scope of tris paper was an attew.pt to eval­

uate these two Cctegor·ies and deteni ine the corr mon de­

norinator of the two; in other v,or-ds , what one r,.ech­

anism corrr~on to the two could help exJ lain the tran­

sition from a norrral to a dilated heart. As stated 

above, upon the basis of known physiology, E. deo-ease 

in cardiac reserve would appear to be the element 

cor - on to both. A diagrarr, atic clarification has been 

atterrpted. 

....19-



The physiologiccl groundwork for the discussion of 

dilatationas a corpensat ory r-echanism h as 2lready been 

set fo1·th under Basic Physiology and a rr ore comprehen­

sive analysis will follow in Part V, where the cor:.pen­

satory m:ture of dile.tati on wil.L be co1-related with the 

0ther cardiac cor. pensatory rr echani sn s. Fron the point 

of view of corcp en sation, we cannot dr-aw a distinction 

b etween tonogenic and r' yogenic dilatation, G.s dlilata­

tion in the pethological rruscle is accorrpanied by an 

increcsE- d systolic contrac t ion. SocHn(l914) injur·ed 

the 11:yocardiuf" with chloroforn end Sulzer (19~4) 

used alcohol for the sarr e pur·pose; they found that al­

though the degree of corr pensction waP less than with 

t onogenic dilatation, the dilatation served the same 

purpoee her·e that it did in the hea l thy n u s cle. A 

century ago the clinician regarded di lat.at.ion as a 

passive aneurysrr in cont rast t .o hypertrophy as an 

active aneurysIT~ they t hought it analagous to the 

s tretching of ~n old rubber, a rrcnifestation of in­

paired contractility, and deleterious to the function 

of tr,e r·yocardiurr . Ftosenbach ( 187~ was the fir·st to 

oppose this view; he felt thct the dilated vent1icle 

was a corvpensatory process increasing the c2pacity for­

v, ork~ he spoke of this a s hype r-di astole. The other 
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physiologists hcve since confirrred t his theory . The 

basic experi1r ents ere those of Starling (1'214) on t he 

rr arrrraliPn heart lung r r epar ation. Starling's l&\, of 

the heart and the re se arch leading to itr staterr ent 

have now becorr e classics in ccrdiology. To amplify 

what h as clreedy been s~td under Basic Physiology , 

Starling found that elevated c:rter·ial pressure or 

greater venous inflow incr·eas2s the work of the hen·"l , 

the accorodation to t h e g rEater load involving dila­

tation. The steps in t hese experivents have been as 

follows: when the r·esistance of t h e aorta has been in­

creased, the heart fails to errpty during t h € fir·st 

beats as corrpletely as before; t h e result is thct the 

residua~ blood in t h e left ventricle at the end of sys­

tole rises progressively with each of these beats; in­

as n uch as the venous inflow <iur ing dia s tole rerrains 

the Serre , the pre systolic volurr.e increases. However , 

t h e output also rises until it e q_uals the inflow. Thus 

a reedjustrrent has taken place with the following new 

c onditions: 1 systolic end presystolic volun,es of the 

eart are greater; 2 pressure in the puln,onar·y veins 

end left auricle is increased due to gr·ea.1.,cr resis­

tance in 'th€ left ventr·i cle; 2 a greater percentage of 

the outflow of the left ventricle passes "thru the cor­

onar·y circulati on-this is a ueeful adaptation but rrny 
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be iFport2n t in the genesis of coronary atheroscle1osis 

in hy-rertension. The sarre line o.,... reasoning was i:;ro­

ven ·for incr ec1ses in venous pl ess·"l!'e ~ so thet t'he 

hecr t 2cco~-odrtes to increased arterial resistance 

or venous return by incr·ePsing the energy of individ­

UPl contrec t ions, not by increasing the r2tt . As stated 

previouPly , Star ling felt t-h<"t it, is the g r eater length 

of' the +'ibers that rE sul ted in the gr Eet.er energy lib­

ereted in the following systole . On the ott.er hc:nd , 

S,:,r·:aub (1919) felt that the presystolic tension End not 

the fiber length ie the i rrportant r echanism; he rlso 

fEd t trat contrery to Pat ter·son , Pi per· and Starlin6 

changes in intrc>veY1triculcr press ure could never be 

dissoci2ted fro!: c~Enges in systolic discherge; he con­

cluded tr2t initial lengtt ce.nnot ce regErded as the 

only c onstent factor in deterr-ining systolic dischu·ge . 

Gesel l (1925) 2lso feels thc:t both en increase 

in initiP ~ length and tension of the fibers are of im­

portance in jncrea,, ing the strength of ventricular co~­

traction. Fov-;ever, in view of the experinents of 

Starling and hiP coworkers and repeated by countless 

investigators, we are SFfe in concluding that d~vtloped 

tensi on den en a~ cr_iefly upon initial length , that , ther·e­

fore, when the cardi£c reserve ie decreesed , the diestolic 

volurre of the heEr-t inc1eases , U;:it is tbE tec:rt dil.stc.s , 
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and acts as a corpensato1y r·echanisn as the r-e;sult-

ant incr·epse in developed tension is pl oportional to 

the degree of' di latatiLon until the phyJdological 

length is reached. It is noteworthy that ig6 ers and 

Katz end Gesell At no ti•1·e attempt to evaluate the 

respective influences ef' initial tension and initiol 

leng'l:,h on developed tension-they only clair th t both 

of' these f'pe:tors influence the degr·ee of' develop€d 

tension . <;tarling and his coworkers in reality don't 

disagree witl1 tl:is vie1;.point: they rerely went f'ur·tber 

and attemr,~ed to SPOW thet tr.ough they both may ex-

er ~- their· ef'f'ec-t, ini t.ial tension is by f'ar the :r; ost 

instrurr ental in t he deterr.ination of' developed tension. 

There is no evidence to the contrary. 

In cCIBidering the role of' dilatation in cardiac 

corpensation, it is well t o note the role of' the per·­

icardiu in acute dilatation. 'lhe pericardiun acts as 

a safety valve ag8in st e-u 6den failure due to acute di­

latation. While the pf.I icardiun can dilatE. enor .ous ly 

as a reRult of gra dual pressure , it is practically in­

extensible to sudden stretching and thus prevents a 

quick failure . 'Iris has b een shown i n the expl r in ents 

of Van Liere (1927 ,1930) . Kuno (lSl b ) hrs f'ound with 

the heart lung Tf E.paration that with th€ 1 en ovEl of the 

pei icardium, an incr·ease in work i s dangerous to l ,he 
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orgen and hae ·orrhage into the rr yocar diur; occurs, also 

thFt a high er venous pressLre is nec bssary befor·e a 

given amount of work is perfor-TY ed. Anirral s vvi th pe1-:­

icca}dfum reroved sow c greater c c: rdic c dilatation in 

severe degrees o~ anoxenia, especially in nonkeys. 'lhe 

protective BC t ion of 1..he pe1 i cerdiur as r Egar ds the pre­

vention of acute c£. rdiac dilotction proeably never 

coFes i nto play in the norrral aniral, except pos-

sibly in instances of extrerre stn, ss on the hear·t . 

A practic 1 example of the co1. pens~tory nature of 

dilatation is given by Tinsley Harrison(l936) . He 

states: "When a boxer flexes his cr·m thus extending 

his tr·iceps for· E short distance, he can strike his 

opponent with a certa in degree of force; if he flex­

es the biceps nore thus extending his triceps rr:ore, 

the force o~ contraction is greater; the i n edia1..e re­

sponse to incr·ease in Vvork, therefore, is dilate. tion . 11 

Now Starling (1914) hes translated the above e.,.anp;J..e 

in skeletal r uscle to the conditions existing in the 

heart. According to Starling, 11 if a rran starts to run, 

his r uscular r- over-ents purrp rr ore blood into the heart, 

so increasing venous filling, while t,he CEntr·Bl nervous 

systerr by contrecting the arter·ies of t he abdorE.n, in­

crea a:s peripher.sl resistance, raises a1·te1ial pressure 
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-and forces all availab..Le blood 1:-hr-ough the active rr uscles. 

As a reeul t the heart is overfil l ed during diE,stole and 

i rrpeded frorr errptying dmring systole; ·its volurLe both 

i n systole ano diestole enlarg es progressively until by 

lengthening of the f i b ers so rimch rr ore of the E cti ve 

surfaces are "!:>rought into pl&y within the f ibers that 

the energy of contr·action becorres sufficient to dr·ive 

on into the aorta during e a ch systole the lc:r-gcly :in -

crea sed volurre of blood enetr·ing t h e he 2r·t. In these 

circur~stances the heart is dilated; but in a heal 1:-hy 

individual, this is only t Errporary; a rise of blood 

pressure produces a rr ore abundant f low of blood 

through ves Pels sµpplying the v,all of the heart and 

this increased surr ly of oxygen and foodstuffs i rr.-

proves t h e phyfiolog ical condition of each n.uscle fiber, 

so thet at ea.ch contrc1 ction it is able to concentrete 

a larger nurrber of ective rrolecules on eech unit of 
# 

active surface; the tone, that is the f fitness of the 

he.?rt, is therefore i rrproved and the heart gradual ly 

returns to norr a l volurr e, even though doing incr E:&.sed 

work . ~tis only when the heart is fatigued or di­

seaem that this secondary i npr·overr.ent f cils to appear; 

then, the dilatation rr.a y becon-,e perrranent . " In thus 

explaining how dilatation acts as a co .. pensation, Star­

ling a lso shows how exercise produces only a terrporary 
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diletetion: the erroneous conclusion should not be 

drawn fro"'" the f b ove quotetion trat tonogenic dila­

tation is not r;er-rranent , for· Starling 1- iv self hes 

sriown the c ontr?ry to be true, so t h 1: t even in heal-

thy Fuscle if the extra loa d is of sufficient duration 

e\Ten good tone is not enough to restore tte ri uscle to 

nor·,.,... pl . Patterson, Piper , end Stalling ( 1914) used 

the ten- tone ( as used ebove) to r E.en ph, ·sicEl fitness 

of t h e ruscle fibers, t~is be i ng the outco~e of their 

nutritive condition a~d b eing r eni f ested by the i r a­

bility to develor energy . Tone, ther-eforE, r e2ns 

greetEr force of <' ontrection during systole and not 

lessened rel;:,xetion during dia s tole . It follov.s that 

for any g·ven jn<'reese in the length of t h e fibers, the 

contractile rower of a well nouri shed heert will in­

c1easE 1I' .ore than thEt of a heart v.-hose nutrition is 

i rr·p:iired, end tl:.at if t r e c ·- ntn=,ctilE:: powe:r of thE:: t,110 

heF>rts be t'!-'e ~erre, the ill-nourished one vust dilate 

r- ore; this expleins the dilat2iion of the heart during 

coronary inf=,uff'iciency v,hen the poorly nourished heart 

rrust dilete to rerforr the v,ork of a norrnc.l "t.eart. 

In sur·~ar-y, St;n·ling's law of the heert, alth ough 

it FFY t P su~ject to ce 1tain ~ oi ifications, goes far 

tow;:,rds eluC'idc1ting t?:e co·Tensatory nature of dile­

t c tion: as a rEsult of additionEl strain on heal~hy 
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rruscle or same strain on patholot ical r: us cle, the 

heRrt f i bers dile t e· this diletation serves as a corr­

pensator·y rr echanisrr incr·eesing the force of systolic 

discharge; at the sarr e tin~ , hov,ever, tbe cardiac re­

serve is rr ore encroached upon, and this nay lead to a 

viciour cycle ending in cardiac fe.ilure . 'Ihe dilata­

tion rre.y be only terrporary i f the dur·ation of the under­

lying factor is not long and i f the tone of the rruscle 

fibers is g oo d . We , then:fore, rray eli1~ inate a great 

deal of confusion in regard to cardia c dilatation if 

we will just rev e~ber that dilatation takes pl ace as 

a resul 1.. of a de creased cardiac reserve and serves as 

a C0'1Bnsatory r echanism, and that the duration o1"' the 

dilctation depends upon the dur~tion of the underly~3 

factor as well as the heart tone . 
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IV Hypertrophy 

Pc1thology 

Eyrertro hy is en i ncreFse i ·- the s ize o f t h e indi­

vinuP. l rr u Acle -f:ibArs . '..L.he chief criterion for hyp e. 1-

tronh:0 is increaBe in weigrt: t he thickness of t h E walls 

c&nnot be de~ended upon for dieg noPis, bec2use dila­

t Ft ion rrcy t h in t h e wa ll:::. of tr_e hyp ertroJ:hic bent 

to a rr eEsureT~e nt less than nor-I"al , a nd storpage in 

systole rrpy r esult in a wall thick €I than norrr:.el . 

Arb itrf:lrily , ci hcPrt of over 600 gr2rrs is spokE.n of 

2s cor bov i nurr , u f u2ll y cause d by aortic regurg ita­

tion . 

Grossly, tre rruscle of a t;yrertrorhied he.Ert 

is firrr 2nd of rrore reddish tinge t han nor rr al . t"'i ­

brosi e , a cori- ~on acco~ panirr ent , :hncr eeses fir r: ne ss 

an d dege~e12tionR decreF~e fir~ ness . rt e r cpi llc:ry 

rruscleP 2nd coluPn2 e c ernc e £IE likely t o b e round 

and large . The endoc ar diuP 2nd vc>lves esreci lly of 

the left side are co-re v.hat t h ickened a nd or;a l1 UE b e­

ccw=ie o·f fi hrosis . The coronal ' c-r-teries groV'v s on.e­

whPt in le r'gtr ,rd i ncre2se P.or'· e in dicFeter in c on­

sonFnce: with t h e g r owt h of t !1 e heert . 'I wo for r- s of 

hyrertrophy r> re dercrib ed : concentric and ecc t: ntric; 

in the forr·er , t 'n_ e walls c"re thickened ·c.nd chambers re­

duced in rize ; du e to r os t nortem rigot~ the· letter 



shows incr·eased weight and inc :i. eased size of the 

charrbers. 1he enlargerr1ent of the chambers rr.ay wel..L be 

a art of the hypertr·ophy in the sense that the f&ctor·s 

that induce the hypertrophy cause a certain arr:ount of 

dilatation. evertheless, great hypertrophy rray exist 

without a ny increase in the transvers e dia eter of t he 

heart in the living patient by x-ray study. 

Picroscopicelly, the fibers increc: se in width and 

length. They approach unifor mity of length and width; c­

thi s increase affects chiefly t hose fibers that were 

originally of srraller size. The nuclei are character ­

ized by an incre2se in transverse diameter and squar­

ing of the ends. Shipley and Wearn (1937) found that as 

the f ibers gr ow the capillary supply per uni-'-' of volu.., e 

does not keep pace and is relatively reduced_, thus li­

r: i ting the progress of t he- hypertrophy c1 nd ul ti · ately 

leading to cerdi ac failur·e. B.oberts and Wearn (1941) 

have lent further credence to t h is theory i n showing 

trat there i s an apparent failure of the blood supply 

to keep up with the hypertrophy, as t here is only one 

capillary per rruscle fiber regardless of the size of 

the ,,..uscle f i ber. I"acHahon (1937) hes reported find­

ing in infants and children active proliferation of the 

heart wi th rr itoses evident afttr severe injuryi ap -

pF1rently this cnly tBkes pl ace in t he y0unger agE 
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gr·oup, as hyperplesia has never- been derro :istrated in 

adults . 

It is thought that hyper-trophy never· actually de­

creases ... he cavity of a chcmber·, except indirectly as 

i ""'pinging on the interventricular septurr. of the right 

ventricle by tbe left ventr-i cle . 1\ ccording to Fi shber-g 
-

( 1927) , we cannot consider the r ale heBrt hyper-trophied 

until it excee.ds 400 gr an:s or the fe ale until it ex­

ceeds 250 gr-ans . Since the tiE.e of Laennec, it has 

been said that the heart of a nornal person should be 

equal to the fist of tt.e cadaver at autopsy; ~today we 

know this to be too rough o-f' an estirration as the fac­

tors of body weight 2nd basic habi tus rr:ust be consid­

ered . Aschoff and Tawara (1906) h2ve found that the 

fibers of the c onduction system do not participate in 

the cardiac hypertrophy. 

:r~echanisrrs of Hypertrophy 

Co1visart (1812) was the first to err phasize that 

the rrass of t h e TJ1yocar·diurr:. was the function of the work 

it perfonrs, with tl:e work te ing considered as the re­

action to the functional fi tn·ess of tre n.yocar-dium. It 

has often been shown that in anirr.als the relati VE; heart 

size shows ~- direct coin·elc-tion with the physical ac­

tivity of the particular species(Herrrrann, 1926) . 

Parrot ( 1921) has ob ser-ved the biggest hear-ts in those 

birds that fly the r- ost and sing the rr ost . The hurran 

investigetions have been conducted chiefly by iVi.lller 
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and Hire.ch. J' uller (1823) ha.s shown that the heart 

weight tends to increEse with the b ody weight , al­

though not in direct proporti on, so as th1: heart 

weight incr·eases, the ratio of heart weight to body 

weight deer-eases. Al tho~ 1', uller 's findings were per·­

tinent, Hirsch (1899) corrpleted the picture by show­

ing a fairly accurate correlation between heart weight 

Pnd skeletal rrusculature. 

Increase in the rr ase of the rr uscle di spr·opor-Lionate 

to the skeletal r·u scula ture occurs u_nder two general 

conditions . First , hyper- t rophy r ay occur when the 

work of tl:e cardiec ch Ern·· er- is incr·e2sed in an abso­

lute sense . It was for-rrerly th ought thBt when strain 

wes place d on e. heart, the ch amber exposed to t h e gr.eat­

est e t.rain hypertrophied , and the oth ers also under­

went syrpathetic hypertrophy; t oday, however- , we 1 u f t:. 

discard t 1~is theory for there is volun inous evide nce by 

postn, or·ten exa: inations to p rove that t h e s i:!,e of t t e 

greatest strain s uf f ered t h e greatest h;yper tr oph.Y f for· 

exarple, in hypertension, the lef~ ventricle cay hy­

pertrophy but the right ventricle does not undergo 

hypertropry unless deconpensation ensues. 'Ihis rroder·n 

viewpoint was f irst corrob orcted by Chanutin apd Bar­

ksdale (1933). 7her-e are four g eneral 1:onditions wh ich 
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will lead to hypertrophy of e healthy rruscle : an in­

crease of t t e h.ear·t as a result of increased physiu:l 

exertion, protracted, End with increase in stroke vol­

ur e: increase to resistance of expulsion of blood 

(hypertension end valvular disease); when ·in adaition 

to expeTI.ing the blood, t he heart n,ustdrag with it other 

structures in systole, for exe-·-ple , Pick' s disease; 

when the volur e of blood exrelled per· stroke is in­

creased, cs in valvular insuf" iciency, Gr·ave 's disease , 

and anenia . Bereuse of t r e association of each of the 

above f Pctors with hypertrophy, and the arti .:l icial pro­

duction of hyper trophy with the above etiolo-g ical 

factors (Starling, 1Sl4; Eyster, 1:eeks, and Hodges 1927; 

Fishberg, 1931; and others)·, we uay e. ssurr e that their re­

lation to rypertrophy is well established. In each of 

the above factors t he work of the heart has been in­

creased, that i~ there is work hypertrophy; conflicting 

viewpoint.swill be presented in the following pages 

as regards work hypertr·ophy, although as n.entioned 

above this now seens well established. 

The second general condition conducive to . hyper­

trophy is an i rrp;::ii r r ent of t h e functional capacity of 

t be ruscle thought t .he work th€ heart is CE.lled upon 

t o per-forrr is th€ sarr.e. In thi s case there is a rel-
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ative increase in the work of the heart in the sense 

that the work perfon ed rr.ore nearly approaches the 

rr:axir u~ that t h e heart i s Ccp&ble of perf on ing 2t 

that tirr e. Ar·teri oscleiotic heart disease 2nd rheun.a1.­

ic ~yocarditis are the notable exa~ples in this cate­

gory. In r any cases an increc se in work i s corrbined 

with the i rq:drrent of function to produce the hypertro­

phy, for ex c=r·Tle rheu·· atic r yocarditis with valvular 

lesions. 

In each of the above two categories, there is a 

decrease in the cardiac 1e serve. Also, it would s eerr 

thet h:,~u trophy seer s t o J e on t he basis of preexist­

ing dilEtat ion; U:ere is little evi dence t o the con-

trc1ry. Rosenb ach (1878) showed that an 2rti f'icially 

produced Eortic regurg:itata t ion results i n dilatation 

and then hypertr·ophy. Eyster , Eeeks, and Hodg€s(l927) 

sh owed t h a t hypert1ophy c= lways exists on the basis of 

antecedent dilatation. Fur-tter, in the cc1se o f acute 

glo~ erulonephritis of a few t onths durati on with hyper­

tension, hypertrophy is invariabJ,.y f ound with the dila ­

tation. however, t h ere Bre certei-:1 heerts e t autopsy 

that show only hypertrophy ; it would be logical to sur ­

pose that t he dilatation had proceeded to a very s11-all 

degree b e for t hypertrophy took place-_Fishb er·g 's ob ser­

vations (1921) in g lo0 ~er-u3=.onephr-i t-is end aortic r ·c6u1·g­

i t a tion seer: to confir~ t h is. 
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Following is a bip2rti f an discussion of •• Ork hy­

pertrophy witr t he negative vie-wpoint r resented fir-st. 

The i :portance of t he principles underlying vvork hy­

pertr oi:hy cann ot b e over-e . . phc:.sized in a diecussion of 

thP rr ech2 ~. i Si P of hype1 tr·ophy. 

AccoLding to Best end Teyler ( 1943), increased 

work is not t r e only or even the rr E.j or fector in the 

production of hypertr·ophy; the extra lhm:d en thr·own upon 

thE:hear·t by the Vclvul ar- lesion is often not sufficient 

to encroach upon the reser·ve power of t b e bear·t to 

any extent, and the grade of hypertr·ophy is often out 

of rn:rporti on to the a,-- ount of work that the heart 

is called upon to pE.rforrr,. Arterial hypertension , if 

it is developed gradually, rr a y cause little h;y -per·tr ophy 

though t h e work of tl:e hear·t is increased 40%. Lewis. 

(1914 ) states that in a large proportion of cases of 

::· i t.r a l stenosis ther·e is E.S great hypertrophy of the 

left ventricle e. s of the 1ight, and in Eortic disease · 

the right 2 s well ae the le f t ventricle r .:.:, be in­

cre;:i eE d in bulk; he also states th2.t nyper1,rophy occurs 

in coronary di seese v,here there is nG evidence of 

increesed work . As r entioned above , E.yster and c:sso-

<'i ates have t hrown sor" e ligbt on th:ts problem; they hcve 

artificially pr·oducea aortic steno sis and regurgitati on 
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with resulting dilatat ion, reaching a height on t he 

sixth day; if the ceuses of the lesions are then re­

rr oved , the di lctat ion diseppears and the diastolic 

volurte of the heart returns to nor rral, but gradually 

hyper tror,hy occurs reaching a height at the eight­

eent,h d9y , apparent ly a r eection cf injury brought a­

bout by the sudden dilatation. In coronary cisease , 

the fibers ere ~or ced t o lengthen unduly in order· to 

liberzte the energy required; so inc-r-ec1se in :fiber 

leng t h arr-arently leads to Ov€r-g r owth; this n echanisn: 

is unknown, but Star-ling and Vis scher· (1927) suggest 

elevation o:f the r-E. tet olistr o:f the rruscle as a pos~ible 

expl enc> t ion. 

To ::,ring out one of the rr ost conflicting viewpoints, 

one rray quote Christian (1928) : " To say that "the hec:rt 

fails by rea son of fatigue followinr sustcined over­

work is no real expl anation, for very often we have no 

evidence of overwork to cause the :fatigue ·or to caus e 

the hypertrophy preceding the fatigue. Are we really 

sure t hat the he2rt can undergo a wor-k hyper-trophy? 

there is no sc=>tis:factory evidence that ph:.v sical work 

of any kind ler,ds to work hyper-trophy, while t here are 

nu" er·ous observations on long distance runners and t h e 

like which point to t he nonoccurrence of a work hyper­

trophy of the heart . We see~ forced to conclude that 
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hyper·t1 ophy with incid€nt dilctction is e potential 

evil, that in sorre way as soon as the heart becorres 

~'uch enlEr-ged, it is placed ata disadvarrt.E.ge and 

fa ils to .do work ~laced upon it with its previous ef­

ficiency, that once started it is e vicious cycle, 

les e effici ent work cc:using :further h;yr,ert,rophy, le&d­

ing to still :fur"t.her- decr·easE:. in the e:ffliciency. l' 

l ~ny i nvestigato1~ have r ointed out that one 

occas ionally sees a heart weighing EOO gratrs or norE 

and showing extens ive fib~osis without vclvular di ­

se2se or pericardial edbesions in D patient ¼hose 

blood ~rescure was followed in life for long periods 

of tire and was never elev.sirid.. 

To sunrr ::;rize the argur ents agcinst work hyper­

trophy: 1 Cases have been reported of hypertrophy with­

out cntecedent valvulor disease or· hyper_tension. 

2 'lhere is an absence o:f hyper-trophy in ath­

letes or those subject to great physical work . 

3 'There are rrany cc:ses o:f hypertrophy in cham­

bers not subj ect to the greatest strain. 

T. Harr·ison (1936 ) t.skes issue with tbe viev1·point 

thEt the chamber subj €ct to the grectest wor·k is not 

necesscrily the charr ber that show,':: the gr ectest hyper­

trophy. Frorr his exper·ience wi -._h postn:orterr_ exarrina-
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tions, he h r s noted t hat those patients who have a 

pronounced hypertension or· aor·tic insufficiency but 

die of' causes ot11er than heart. disease, usuc: lly pre-

sent Bt c=>utopsy rroderate l o severe hypertrophy and 

soTT e dilatation of the left ventricle only, the right 

ventricle showing little or no enlarget,ent; sirrilarly, 

in rr itral stenosis vd.thout regurgitetion, the right 

ventricle ie dilated and hypertrophied, the left 

ventricle rray even be atrophic. If, h owever, there is 

rritral s tenosis with regurgitation, t here Lay t e enlarge­

~ent of the left ventricle too. Instance s such as these 

indicate that unilateral hypertr·ophy and dilatat ion 

not only r- ey occur tut usually do occur. However, in 

isoleted ceses of hypertension si[.ns of r·ight ventric­

ulPr failure appeer before the left; t his is thought to 

be due to the push ing of the septurr to the right and 

causing pressure in the r·ight ventricle, or because the 

circul ar fibers traverse both ven1,ricles and night on 

occasion involve both chambers, therefore. Fror. this 

di s <'ussion we r-a:," conclude that dilata ·_ion, hyper·trophy 

and failure involve prir- arily only one vent ricle to any 

extent, but finally they affect the ot her ventricle, 

probably to a n inin al extent in the beginning. However·, 

0".1.Ce the process in the originally disordered charrter- has 

rogressed suffici€ntly t o pr·oduce fatigue with its 
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consequent risE in pressure b ack of the filling charrb­

er, then the second ventricle beco· es subject to an in­

cre? sed load and fr-orr this point on it nay fail as well . 

Thus in t h e early s t ag es, we are likely to have failure 

of one side of t'he he:::.r-t only, whereas in the later· 

stag es, the heart does fail as a wholE.; the great 

wealth of in.c-ormation and log ic are in favo1 of this 

vie-wpoint. In t h e cases cited by Best and 'l cylor- and 

Lewis of rr i tral steno sis causing dilotation a nd hy­

pertrophy of both ventricle s equally, son e 1 eguie:si­

t c> tion was prob ab ly present; in the case of hype1tension 

ceasing hypertrophy of both vent ricles, the above ex­

planation pr·obab ly holds. These cases are in the vast 

:'inority ho·wever; all of this gives considerable c1·e­

dence to the theory that work is i rr portent in the pr·o­

duction of caniliac enlargerrent, thru the rr.echanisn of 

decrease d cardiFc reserve. 

Now we rrust agree with Best and Taylor that in­

creased work is not the only cause of hypertrophy; 

we brought that out clearly in the beginninf:, of this 

discussion; however , we cannot agre e with the statenent 

that it i s of little i r- 01t8.nce in subsequent hyper­

trophy. 

Kiinlbs (1906) reported an increast of 50% in the 

weight of tbe h eart of y oung dogs who ',', ere exer-cised 
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as cor.pared to the organs of contr·ol anin,als who wer·e 

kept quiet. Steinhaus, Hoyt, and Rice (1932) stu-

died the effects of running and swin,rring on the organ 

weights of grovdng dogs and concluded that exercise 

produced a true work hypertrophy, .sffecting both sides 

of the heart, but rr ore on the left, v, ith no cor parable 

conditio11 existing in the skeletal rruscul2tur·e. E. 

Koch ( 1921) no"Led hypertrorhy of the left ventricle 

of dogs and cats in whor experi1:-enta.L hypertension hcd 

been produced by cutting the aortic a nd car·otid sinus 

nerves . 'I". Har-r-ison bas concluded on the basis of 

t he cbove ex~rirrents aml. chie f ly on th~ b2sis of his 

postn orter findings t'bat work does cause hyper-trophy . 

Sorre n-en h ave stated that hyoertrophy is the result 

of disease of t h e n yocErdium; there is no r·eal c on-

flict here, particularly if we rrake the gener-4 state­

rr ent that decreeBed cardiac reserve of a protracted 

m=iture tends towerd hypertrophy; so we rr ay again re­

iterate nor'f" cl work on a diseased ryocardiuL or con­

tinue 1 excess work on norn al rr yocardiurr causes deer e c.. sed 

cardiac r-eserve end predisposes to dilatat.,ion and hy­

pertrophy. 

Now it is true trat rypertrophy and dilatation are 

potential evi ls in the~ range r,o int of view, but 
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they occur in hearts ½hose reserve is decreased and act 

as COT"' pens&tory r:easures, which though they nay ultimate­

ly lE0d to fc:ilure beccuse of t h e underlying etiology, 

proi-])ng the date of failure longer then i f the~ had not 

occurred. It would appear fr·or. the work of Ku lbs and 

others that exercise in itself if severe enough rr::ay 

lePd to hypertr ophy in young Enir als, but this, v1.e must 

adri t is re.rely the case in adult hurc ans . Such persons 

rrobat-ly do not develop bsi::-ertrophy becc:use the' work of 

the heart is not i ncrecsed continuously; during slet:.p 

the physicocherrical processes , whatever t h ey nay be, 

which tend to produce hy1=e r1,r ophy rray possibly be r·e­

versed ( See diagran s C- F) . Such a conceptivn v.ould 

account for the fact according to Harrison (1936). 

tr,at labor·ers and t.:thletes do not often have hypertro­

phied hearts, while those with valvulor· cisease do. 

I.'itcrell at Carrbridge (1909) showed that the hear·t 

size o-f undergr adu2tes underwent a gr·adual incr·ec se . 

a-fter a fe v; years of pqe-ical training; however, this 

par·alleled the i ncrease in skeletal r, usculature, so 

t r at the r8tio of heart weight to body weight shows 

no change or a very rr oder·ate one . During recent years 

the view has gAined ground and is now widely held 

that in the healthy person the diastolic volune of the 
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heart does not be corr e larger during exer-ci se, and the. 

necesary corollary to this view is that tbe output per 

beat ie not increEsed during exercise. 'Ibis opinion 

rests upon evidence t hat at first sight appear·s tln- · 

i rpeachable, nEmely thet by rr ecns of orthodiogr·aph or 

Roentgen rays before and after exercise direct rr ease­

urerrents are 1 ade. These exper·ir~.ents with rr inor var­

iations v,ere performed by ! ori tz in 1902, Hoffrr,an in 

1902 , end de la Carrp in 1903 and 1904. They found that 

in nor- al persons exercise carried to t he point of ex­

hauRtion producE:d no dilatation of the heart and sone­

ti·Ae~ i ts vo1u~e was actually dirr i nished; with the 

object of r-inif"izing the interval betv1een cessation of 

exercise and obser-vation of the size of the hear·t , 

Nicolai and Zuntz in 1914 arranged the apparatus so 

that the r:icture couitd be taken elrr.ost during the 

exercise; they shov:ed an average increese in the tr ans­

verse diameter of the heart of 4 rr illin eters and a def­

inite decrease within three seconds after cesseiion 

of exerciPe: this hes been confirrred by Krogh and Lind­

h ard ( 1913, 1914) who actually took the picturcs at the 

height of t he exercise and not even in a rest period 

near the heig~t of exercise. 

It may be concluded that although th€ orthodiograph 

records r.ave der onstreted the r E'pidi ty v.i th which t he 
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heart decrea s r s in size after exercise and h a ve served 

incidentally to shmr the f cllacy of percussion End pal­

pation ~o show t h e absolute size of t h e mart, these 

records, ~ith the possible exception of those by Ni­

cola i and Zuntz, t hrow litt le ligh t on t he condition 

of t r € heart du1·ing exercise, and do not in tr.e least 

con t rovert t h e evidence of Krogh a nd Lindhard thet the 

"Qljtput of the hear t.. r: ay be doubled or ir.ore than doub­

led during ex ercise, that t h e heart does dilate and 

since hypertrophy is t h e next ster: aft er di lc t a'-'ion 

we ·,ay assurr e thPt were t his increa sed work to 1:,e 

present dc y and nigh t, hynertrophy would sui:ervene. 

Inall cf these ceses of wo.x:k hyper-trophy, i f it is 

granted t h at r ypertr-ophy of th e indi v i dual nuscle 

fib ers i e due to increased work on the f iber, t hen 

i t vould seer to rake litt le difference whet,her the 

grea t er strain i s t1n own upon it as E resu l t of gen­

ere l s tr·a in on the heert as B wh ole or becaus e of 

dis e a se of tre ot her· fibers with cons equent inat ilit y 

t o c a rr y tte ir sb are of' t he load. 

In surrrna r·y o f the relation of physiccl work t o 

h~rtr·op'by , V;€ n a y conc l ude: 

1 This relation c annot b e u s ed es an argur ent 

egr inst work hyper-trophy as this work i s not contin­

ual, d;r,:y and night, a s i n h ypEr·tension, for example. 
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2 However , when x- rc>ys are taken nt the time of ex­

ercise, there is co!1sistent evidence of dilatati on . 

Therefore , if the exer·cise were to be continuous , we 

FE'Y r eesonably assurre thet hypertrophy would r·Esul t , 

as dil2tetion is the precursor of hypertr ophy. 

:_:; l ~en subject to increased exercise ahd v.ho heve 

bec1 follov,ed for ye2r s cctually showed s on·e in-

cr·e2se in rruf'cle thickness , t-hou1::h this is proporti one l 

to the increese in skeletal rrusculature . 

So, in su,.,-r·aJ izing the argur. Ents for work hyper·­

tr o(hy: 1 The crerrber subject to the grec=test strain 

does show the great eRt r;ypertrophy~ any deviation 

-frorr this depends on corr on circular fibErs or en­

cr oachr ent on the inter entricul:c:r septurr or· failur e 

to diPgnose certein Vc'lVUl E:r diseases . 

2 'l'be rr l at ion of exercise to hypertr ophy is 

Pn unfair corrpcrison , becau Pe of its interrrit'tent na­

ture~ however , even if WE use this es an exarple , thE: 

rr E sence o-f the rrecursor of bjrper.tLophy, t.hE.t is 

dil2tction, cPn usu;:illy be derronstrEttd by good tech­

nique . 
The presence of work hYfer·tr ophy is based , 

theref'ore , on incontrovertible evidence . 
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Hypertrophy as a Corrpensatory 7,fechanism 

This section too will "!Je fur·ther· elabor ated on 

in part V1 where its correlction ~ith the ott er corr~ 

pensatory recha ~isrs will be discussed . 

Very little quantitative data is available on the 

func t ional value of cardiac hypertroph~ . .Artfficially 

produced experir en t.al lesions have proved that a higher 

pressure was attain€d after cardiac hypertrophy than 

e-f'ter the defect . We know t : at when skelet6l nuscle in­

c1 eases in c1 oss section, it becor-e s rrore pov.er ful end 

t here is every reason to believe that r.ypertrophy of 

heart r. uscle is En cnalogous process; hypertrophy of a 

chamber o:+' tre he£rt r·esul ts in a r:-.or-e pov,er·ful syst Jle 

frorr c: given die r tolic filling o-r the heart than was 

the CE>fe before the hypertropry. e have a~so seen that 

hypertr·or hy s eer:s to be e eequel to di let ction so we 

--;ray a ssure that r- ypertropt y is -an adaptation to t he al­

tered conditions resulting fro-rr di l atation. Fish-

berg U927 ) hes 8tterr pted to explain t.hc role ot, hy­

pertrophy on a rr ore scie:iti f ic basis; he has reoboned 

th~t s i nee the volur e of a sphere is proportional to 

the cube of the radius, as the srhere increeses in 

size, equal increrrents of volune correspond to smal-. 
ler and srrriller increrses in redius, so thot the larger 

a cardi;:,c chamber, the 1( ss its rediue rrust be dirr in­
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ished to expel the same eITount of blood, so the fibers 

of the dilated h eart contract a shorter di ste~ce in 

rr einta ::.nine tre r-troke volun e then those of the no::r·n.el 

organ~ but the strength of the contraction nust be 

corresponr1ingly gre?ter because t he tension on the r.us­

cle fibers increases in direct propo1tion to the rad­

ius. Dilatation thus leads to the necessity of a 

shorter and r, ore powerful contr & ct ion of the TI use le 

fibers; hypertrophy seevs to be the adaptation to these 

altered conditions. Although this theo1y of Fishterg 

explFi ns fairly well the purpose served bJ hyper·t1 ophy, 

it :foes notring towards elucidetingthe cause for the 

hype1 trophy or· the r.: echanisn by which it is t rought 

about. Hyrertrophy is F. diE'advantage in t hat the 

gr eater· thickness irrpedes tr,e n-et.sbolic excha·nges 

between th e ~uscle fibers and the capillaries and 

predisposes to incdeq_u,te nutrition and cardiac fail­

ure. Hasenfeld and norrberg ( 1897) attempted to 

show by their exper irr.ents that hypertrophy interfered 

with the &bilit;y of tb t heart to increase its diastol­

ic dilatation, which would din- ini sh its rcse1ve 

force ( although this nay be a disadvantage 2-t a future 

dFJte, it is offset by the f2ct that t h e very act of 

hypE'rtr ophy is c coT"" pensatory device for e heart whose 

reserve hes been di rrinished). For the c orr.pensation to 
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be cm·plete i n hypertrophy, the reserve force ¼ould 

have to be cP gre c>t ae it WES befor·e the presence of 

the circul&tory defect for which the hypertrophy corr­

pensates; exercise tolercnce tests r Lveal that t.his 

iP Iar_eay true . 

We · ay surrP1 i= rize the section on hyper·trophy in the 

following ~anner! 

1 Hypertrorhy is c l · ar acter ized by an incr EE se in 

thicknes~ of t}'e fibe rs without a n incrE:: 2-Fe in the 

nur her of c ells. 

2 :r~Yrer trophy i s E ssociated with a di mini shed cardiac 

re serve- increased work or E healthy rryo cardi un c:i. s.sme 

work on dis e~seO ryoc c r diu~. 

3 Hypertrophy predor, inates ip ch r onic rrocess es, 

whereas dilata t,ion predorinct€E in acute cf: airs . 

4 Hypertrophy i s invariably associated with c:. pre­

existing dilatation. 

h hypertropry occurs in a heart which is '. lOt funct­

ioning to its ortirrurr as a cor-pensatory n echa nisn, , at 

the Par E t i ,,.,,. e prolonging the life of the indi vidual 

while leading to his or her ult i ra te death by decreasing 

the ff eXi:T e l potential cc r-di a c e nergy or caraiac reserve. 
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C;:in:lia~ Co1rpensatory t:echcni sn:: s 

Corrp,:n·im and Corr-elation 

Patients with congestive hear·t failur·e often ex­

hibit an inc1eEse in heart r-ete brought about by the 

bainb1 idge reflex, thet i s , elevE ted v_enous p ressur·e 

causes ccceleration of the hee r·t in the pr·esence of 

nor-r:r.sl nervous pF-thways. 'Ihe c:dvantage of such a rr ech­

;mi s~ is that it enables the hea1t to purp e given amount 

of blood per v inute with lesser degree of dilatation, 

and thus t o lower the venous pressure. 1his beneficial 

effect is rore tha!l offset by the h ,n rr:ful effects, 

as the greater the r c>te of the hecrt becon es, the ·· ore 

ene1 gy 11 ust be wasted in opening t he sen ilunar valves, 

energy which is never used for the ec corr,plishr ent of 

r eche:iical work, thrt is propelling blood . So, it can 

be seen the' t a gi ven errount of v.ork c an be rr orE effic­

iently accorplished a t slower rates; this h c: s b een 

conf'inred by Evans and ~.atsuoka (1915) and Starling 

and Visscher (19:27 ) who found that for a given rrinu1,e 

voluY•" e and peripher cl resistc:mce, the oxygen consurr ed 

by the heart per unit of tirre WES gr eater a.t rep id than 

at slow rates. Tre hBrr f ul effects of fast rates c£n 

be seen clinicelly with healthy individuals with he 0rts 

that are arperen1..ly norT'"al i n every respect, but 

-47- · 



develop congestive reart failure after lont bouts of 

paroxys,.. ,al euricular tachycardia; .following the r·e­

storation of norrra l r ates, there is a rapid disappear­

ance of the congestive failure; such cases r r 0ve quite 

de:fini tely that rates of over 1 50 or 200 for c: fev, 

1,ours will cause cardiac f2tiguE: in a heal thy heert 

rruscle. 1here seers to be two f actors ~b ich are in­

strunental in this fctigue: 1 Increased oxygen con­

surpti on necess itated by the fe ster 1 2tE: , not only 

becpus e i.,he heart i s 2ctuelly tjsi er, but also be-

cause s o r uch anergy is w2si.,ed on opening the semi­

lunars; 2 Di~inution of blood to t he left ventricle; 

the coronary :flow t o t r is chamber is i 1t ern i t tent and 

t2kes place rr cdnly during dia stole, for dur·ing systole 

the pressure in the left ve ·:t ricle is greai:,e r then in 

t he corta and effec t ively prevents corona1y flo~ and 

capillar:r di f'fusion of blood. Now v.e know t hat the du­

r ation · of systole is rElatively independent of the r ate , 

so a decrease in the duration of the caroiac cycle in­

evitable at fpst rates, takes pl ace at the expense of 

the durcti on of diastole, so not only i s more oxygen 

needed a t faster rptes, but there i s an actual din,inution 

in the e-"'f'ective blood f l ow to the heart . 

The f 2ctors r entioned above, th ough they a1 e i rr.­

portant in exrlcining the detr-ir entcl eff Ects of · 
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t~chyc erdia, leave nuch to b ~ desired. Small ani­

rrals such es the n ;t and the guinea pig live out 

netur2l spans of life with heart retes of 200 to 

300 or r: ore; i t is obvious that if the heal i., nuscle is 

no~ to b ecorre fatigued , the du~ation of diastole 

r ust be suf➔ iciently long to allow i.,he heBrt ~ore­

cover cor' pletely betv.een beats, and it is t herefore. 

evident thet in cni1~ ale t b at · nor mally haverapid hear·t s 

the r·ecover y pr·o-cess ca ri take place r:.or ·e ½.uickly or 

co.,. ple t ely b etween b eats than in &ni: als wbo c:re un­

a~ to t cr>lerete these r2pid r a tes . ThH ost import-

ant factor in t r e recovery phE-se is oxygenation. 

Harrison , Ash,,,· cm, and Lcrsen (1931) r ade observations 

on tr· e TE: lationship between the heart rates and t h e 

thickness of tte cardic1 C r.uscle fibers in Vcr·ious c·ni,... 

r.als; electrocar·diographs wer·e tcken of the unanes­

thetized anir als , trained to ren-ain quiet while the re­

cor·ds were teken; the TS interval was taken as the du­

ration of diastole. Fron the anh aJE of the various 

species b l ock of tissue s were teken and. average car­

diac ruscle t h ickness ascertained; the same was done 

with hu~ans with norr.·al hearts, enl2rg ed hearts with 

congestive :fEjlure, 2nd enlcirged hearts without con­

gestive f2ilure. The results appecj['· in Diegrcim G 
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below. 'Ihe heart r·ct, es of v ::: rious aninals are plotted 

egeinst tre c.ve1 ag e thickness of t r.eir r use le fibers . 

It can be see n that these two variables i :i the nor n_al 

bur- an are in Fgreer ent with those in a 1ir: als wher·eas 

the -Pib er t h ickness i -r enlar·ged hur En hec:rts is r uch 

g reater in proportion to the pulse rete than in nornal 

r; an or anin-als . 
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(Herrison, Ashrran , Larsen; 1931) 

These obEervations seerr to indicatt that there is a 

disp ttmportion between heart r ate and fiber thickness 

in burr.ans with large he a rts, and if it may be assurr ed 

t r.ct the heart rates of nor al anirr a ls were optirral, 

then we rray co ·· clude tbat in thE E.nlarged hur. an heart 

the opti~--el rate would fell considerably belov\ the 

nonral individual ' s rate; or by the gr &ph , the 
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t he optir al rate wold pr-obc:bly fall between 30 and 45 

for the enlarged hearts . 

According to A. V. Hill (1929), the rate of diffus­

ion of oxygen thru tissue veries d: rectly as the 

square of the distance di ffused . Since t he: recovery 

"t-iF-e of the heart is rrore nec:rly rElated to the du­

rc=::tion of die-stole than to the duration of the en-

tire cycle , the fiber t thickness rray be properly char·t ­

ed against the duration of' diastole . ~1hen this is 

done, all p oints tend to fol J..OW a str·aight line , thfJt 

is e P the rates of the ani ra ls increase, the thickness 

of the f i bers decrecse:; or as the t h i ckness increases , 

the duration of diastole increases in direct p1oportion . 

So it seeffs likely thet in the human heer1,, too, tLe -ci ne 

required f or oxygen to diffuse varies es the square of 

the distance thru which i t diffuses. Th€ average 

length of diastole in norma l hear·ts was . 56 seconds , 

which we F'ay assurre is optir·al . Now as A. V. F..ill has 

calculated an d as has b een corr·obor-ated by Har::r ison 

et al (1926) , tne duration of di2stole varies as the 

s quare of the oxy~en diff usion distance for optimal 

conditions; if we assuri e thct systole is . 3 seconds 

in duration , then cccor-ding t o the above st&terr:ent , 

duration of diastole f or norn c:l per son is to the 

.,.,.. uscle thickness squa1ed of the nonral pEr: on as the 
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duration of diastole for the enlarged heart i s 1:,0 the 

souar E- of the rruscle f i ber of t he large heart; when these 

values are substituted , we find that t he optirral di­

astole for- l arge he arts with mean fiber ttickness of 

c-4 .E ""' icra wo~ld be 1. 26 seconds, as opposed to th€ 

.42 that is usually found, end thEt the optin:il rates 

for these enlaJ'c ed hearts would be 38 ( this is for the 

;etient with enlarged heart wi t hout congestive failure). 

For thEpatient with enlargerrent and failu1e, the d~r~­

tion of dia t ole would be 2 . 3 seconds instead of .43 · 

and the opt i~a l rate ~oul d be 23. 1hese calculations 

t ell us of the optfr al dur ction of diastole and o 

rough estir e.t e of the be st rc:,te for· hearts of· given en­

le.rgeT"ent . Therefore, v,e ca·1 see that the consideration 

of any g iven corpensetory r echenisn in i t self is fcllac­

ious; hypertrophy is a corr:pensatory device, but as in­

dicated above unless t he rate deer-eases with the hy­

pertrophy, the cbility of hypertrophy to alleviate the 

cardie.c condition c1nd the ability of the heart to com­

pensc1te is indeed rr inirr BJ, and hypertrophy with accel­

er ated heart rate is not cor. pensatory at all. 

It is probabl y safe to assurre t hat clinical rtan­

ifestations of :fatigue will develop in the nor rr:a l a­

dult bur an be art if it beats indefinitely at rr;orE than 
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lEO beats per •inute: at such r ates the duration of 

systole i s slightly dirinished ( . 2 sec onds) and t h e 

duration of' diES:,ole is . c: seconds; using the abo\e rati o 

egain , if nort al heart of 16 . 2 T icra fhickness(fiber) 

fatigues wi th a • 2 second diaEtole , then an enl&r·ged 

heert of 24. 5 rricra fib er t h i ckness will fatigue at 

a . 45 second diastole or 1:ate of 80; elso an enlarg ed 

he<"rt wi t h c ongestive fc.=:ilur·e v.il fatigue &t • 76 sec­

ond di,9stole corresponding to a r a t e, of E7 beats per 

T"' j nute . On the r•, retical grounds , ther·eforE, we could 

assur·e that the Petient with r oden,te thickne s s or hy­

pertr ophy would dev elop decorrpensation if not at rest , 

while -· ore Bdvenced h~rtropriy would cause decon.pen­

sition even e t rest . Now, Krogh (1929) has done sone 

rat'h er elaborat e cor- puteti on on this aspect of car·d i ac 

nutriti on c=:-nd hes arrived a t the sa,e results . His 

c elculetions have invol ved the assurrpt ion that nor-

rr ally the cr:-ount of fluid between capillar:; and muscl e 

fibe r is neglif ibl e , and wherecs this ITay be th~ ccse 

in the n or Pa l indivi dual , it is probably not true in 

he2rts of c ongestive failure where c:den a is r- resent­

so actuelly the r ec overy r Et e sh ould be longer 2nd the 

rate slower then the cor puted optirrurr s; also the cal­

cu la t ions have b een based upon the pr-err ise that dif­

fusion tekes place Et t he onset r) f di astole- thi E, too , 
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i $ ~robF-i, ly not entirely true e~ et the E..nd af systole 

the cn::- illc>r·ies Bre co· plttel y er:pty and a c1:;r·tEin 

tirre ~ill elapse before ttey will again be filled . 

The ob\ ious conclusion of tr:e above exper·irrenta­

taonnand cor-put2tion is thEt a fest heart is a cherr:­

ic2lly ineff'icient hea1t , 1-hat in hypertroph ied nuscle 

fibers the hea·t rcte should be s lower thBn non al if 

the prQ"!9r· nutritional end rretcboli c status is t.o be 

ru >intFi ned. 

Slight to r oderc:te degrees of hypertrophy are of­

ten seen 2t autopsy i-r:i individuals who were syn ptom 

free in li:fe, while rr~rked hyper"trophy is never found 

with out E history o~ ~rotracted decompensation. 1his 

is expu.c=ihed by the feet thE't a slight increase in the 

fiber th~ckness is accorrpanied by a relatively great 

increrrent in tre :iber strength with a negligible rise 

in the tension necessary to supply oxygen; but as the 

hypertrophy proceeds , the oxygen tension rt.q_uiren ent.s 

increase r ore rapidly, so that 2t the 60 n-icra f iber 

thickness, the oxygen re qui r·errent is gr e ct er than in 

air~ t he average rr usc:le fiber is 15 t icra and it appears 

thPt up u 11til ~ 5 rricra, hypertrophy is beneficial ; be­

yond this roint the r.,.. echanical advantage is fa, offset 

by the n etabolic disadvantage . 
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The application cf the above calcult;:tions to biolo­

gical phenorrena , though they n BY not be sta1,istically 

cor1 ect is sound froTY t h e stzndpoint of the general 

conclusions to be drawn. We have explc:ined how a pow.:. 

erful looking hype:rtrorhic r- uscle r- ey not carr-y on an 

efficient circulr tion. Hyper·tr·ophy is a corrpensc:tor·y 

rrechanisn which cFrri t- s with it t he- di sadvantag€ t.hat 

even when slight it p1edisposes to fatigue due to 

insufficient oxyge'1ation of tr.€ thicker f 'iters at rctes -­

which could be tmlerc1ted by a nonral heert, and v,hich 

if tlEy be- extrerre rr·ay lead to fcilure even at slower 

than nornal f!ecrt rates. 

Fr-orr the ab ove, we r E-y conclude that the brady­

cardia is beneficiPl to patients with enla1ged hes1ts; 

this is borne out by clinical experience, for eccor·d­

ing to Herrison C 1936), patients are rruch less likely 

to rr F<nifest c ongestive hear·t failure at r·ates of 50 

or 60 than at rates of 70 or f O; the prognos is is better· 

with ci::orrplete beer t b lock th& n Vvi th inc or plete bee rt 

block. So any benefit to be der·ived fro rr a fast h eart 

in a car·d iac ratient is far outweigh ed by the disad­

vantage . cIDL latation, the second corrpensatory rrechanism, 

offerE a cher ical edvantege because of the greater sur­

f'ece ,:;nd consequent increased opportu dty for chenical 

interch ange betv een the blood and fib€rs; elso , accord­

ing to Sterljng's law, t Pe developed tension increeses 
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and 2ccorrodetes to the g-reater- load, but the latt er- is 

accon-rlished by a great expE.nditur-e oi' energy because 

of the g ree t er distance the fiber·s rr ust no\!, contr·act; 

by sor e unkn6vn !"'earn~, this dispropor t ion between length 

and dicreter of r uscle fi b ers leads to hyper~rophy, 

so thE orig i "al relation o -f' leng th to diarr eter is r·e­

stored. · here is, therefore, a r echenical advantage 

fr-or- hypertro-phy in that \,e get a rr ore po1;. erful con­

tracti on without as g r·eat an e:xpendi 1:,ur·e of energy; 

however, conditions are not the san,e as in the nor-

IT el heart beceuee whereas the rrass of t he tissue to 

be n :urished hEs increased as t h e square of tte radius 

of U •e fi"ber , u -e surfaces of t h e fi b ers 'through 

which the nutritive r rocesses r ust take place has only 

increased as the first p owe r of the r-edius; s o trat, 

hypertrophy vvhile gei ning e r·echanical advc :1tege s.if­

ferR a chemical disadventage end thus dilates f urther 

under condi t ions of str·ein and ul 1:-i rnately leads to 

heart fc1ilure . 

before sur-rrarizing tris aspect of the paper , re­

ference to the following diagrarrs rra y further elucidate 

_the interrelFtionship between these cardiac corripensa­

t ory ,... echanisrr s. 
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Diagram H 

1 u. 

5 u. 
Diagram I 

- --1 
I 
I .__ ____________ - ----.1 

5 u. 3 u. 
Diagram J 

lU I
-·--· -
--- _] 

F- u. 3 u. 2 u. 
Diagram K 

1.i.1 ,----=□ 
f, u. 3 u. 2 u. 

Diagram L 

2 

1

----

--· -- --
5 u. 3 u. 2 plus units 

(Original diag:ars by n. B. Kalmansohn) 
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In the above diag1arrs , I have arbitrarily taken one 

unit as a C'Brdiac fiber width and five units as car­

diac fiber length. Diagram H represents the fiber· of 

an average individual with a normal heart; here the 

cardiac reserve is at its rraxi rrum. Now as the cardiac 

reserve decreases , either on a tonogenic or Fyogenic 

basis , the fiber lengthens and as it d~es so the de-

eloped tension increases accor ding to Starling's Law. 

The heart has tr.us accor odeted to the altered condit­

ions, but at the expense of · the cer·diac reserve, ts 

each dilatation brings the heart closer to its TT;axi-

r urr reserve . Diagr·aF I represents the new condii,ion 

of tre fiber witr e lengthening t.o eight units, wl.ich 

we shell arbitr&rily say is the physiological length. 

As we have already proven, lengthening beyond this 

physiological length results in a decreased developed 

tension , becsuse tre dis2dvanteges of dilatation, ue­

chanical in nature, then becorr.e dominant . Now if the 

cardiac reserve ie rrore diminished end dilatation to 

tre physiolog ical le g th is not adequate, Ue fiber 

stretches beyond the physiolo£ical lenb th cs s1,own in 

Diagram J, where the red box indieat es dilatation 6 1 eate1 

than tre phyriological length. Now each increase f in 

length is accorrpanied by a decrease in developed 
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tension. 'Thus diletation is no longer dor: pens&tory. 

Now, t he sec ond corr.pens r= tory r· echenisL c o: es in to 

play-::ypertr-ophy. 'lhis 1 esul ts in en inc;r eese in the 

fiber width , as shown in Diagrar. K. At t his new width 

the devel oped tE:asion pre sent at eight u ·1i ts length or· 

at t h e rhysiolocical leng th will eg&in bt restored; in 

ober \\ ords , the rhysiolog ical 1>.ength only holde true 

for agiven width , so t hat at t h is nev. width we will 

scy 1-he ph;ysi olog ical length i s ten units. 

However, any further depletion of car!ii.diac reser·ve 

will result in further hypertrophy and dilatation in 

an already hypertrophied and dilated rruscle fiber 

which h as approaehed the rraxi~al energy it is capable 

of P-Xer·ting with each corrpensatory r.cecha nism, and now 

because of the rr.echanic e. l and cher:-icaib disadv&nta6 es 

inherent in t h ese conpensatory devices, the lirr.it of 

con pensction is reeci~ ea and the hear·t fails. It. r, ust 

bee ·phesized trat ea ch compensator y ne chanisrr. laid the 

groundv,·ork for ul ti c= te fa i lure t Ec c= u s e of its inher­

ent weeknesses. 'Iris end stege is shov,n in Di.s~rarr, 

L, wh ere U ie hypertrophy is no longer compensatory End 

wh ere the dilatation is beyond the physiolo6 ica 

length, even for a bypertropri · ed fibe r·. 
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In sur-r:ery of Section V, v.e rr e:f SEY ~l,hct t he hEoar t 

hes three linEs of de~ens e in the event of depletion of 

cardiac reserve: these ere FCce l erEted heer t rete, dila­

tc:tion rnd hyper-tr ophy. They each i:,ossess adv;: nta 6 es 

and di sadvanteges one of whic~ usually out~eig~s the 

other. As co,., pensatory rechcnisns, the: y rra;y prolong 

the life of tre indi vir u a l; however, they never restore 

the r-eteb 6lic and rech c: nic e l relationships present in 

the ncr ca l indivi dual. 

1 Tachycar dia: Advo :1tage-this r.e chcnisn: reduces t he 

venouQ pressure. Di sedventage- t here is a w~ste of 

energy in op ening the ser-ilunars, and the coronary 

flow is decreesed as di ~Atole is decreased . 

2 Dila t a tion: AdvantPg e: the ('i eveloped tension is 

increased: there is en incr·ea sed surfa ce for·rutri tional 

diffusion . Disadvantage: ther·e is a 6 1 eat er. ount 

of energy for perforrrance of given amount of work a s in­

creases erea is i nvol ved in the c ontraction. 

2 Hype rtrophy: Adv,=mt age- less energy is required 

to pfrforn a g iven Br ount of v. ork e s there is a rr ore 

rowerful cont ract ion of a sh orter· f i b er. 

Disadventage-there is a relative 

decre Pse in th e nu1,ri t ioni dif using surf2ce; the blood 

supply does not parallel the hypertr ophy; usually ac­

CO"'pFlnied by tachyce.rdic with shorter di as tole. 
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VI Summar,Y.. 

This peper has dealt with the ryechanisms of car­

diac dilFtation Fnd hy-rertrophy, incl uding the physiol ... 

ogical bPsis of our present knowledge, the conditions 

leading to trese rrechanisrrs, their role in cor{.pensation, 

and t~eir interdependency. 

Starling ' s Lew(l914) has probably been the n.ost 

notewor ·-..hy physiological cont1·ibution to t ·; is topic . 

'l'he constant relatj onship bmten oxygen co nsunpt,ion and 

diFtolic volurre has helped to explc:Ji:,il the inherent 

weakness of a lErge heert . 

Diletetion has been defined as a st1etching of 

the heart WBll . 'lhe gross and rricroscopic patholog­

icc:l pictures have been presented along with an explan-

2tion of' tonogenic and "' yogenic dilatati on. Kirch 's 

theory of initial involvcitent of' th€ outflow tracts 

bps been included; the characteristic elongation 

found with tonoge ous dilalat,ion and widening found with 

rryogenous dilatation have explained those cases of 

protracted hypertension without evidence of widening of 

the cerdiac silhouett e. 

J..he rrechanisooof diletation heve been related to 

c tonog enous end n yogenous be sis, and possibly a de­

crePsE- it' dic>stolic t one , the ir1portant alteration in 
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the heart. being a deer ease in c&rdia c reserve . 'lhere 

are included graphs sh0wing the relation of c&r6ic c 

reserve in nor~al rersons , normal pemns with stren­

uous exercise , persons with tonogenic etio.1.ogy and with 

r yogenic etiology. For "the production of diletation 

there r-ust be a decrecse in the cardiec IE.serve , and 

this decrease ~us t be continual if the dilatation is 

t o be rer-r enent . 

'lhe role of the re1 icardiurr in a cute dilatation 

hes been evFlu ?.ted . The tern he F1t tone has been de­

fined, end its irurtance in increasing systol ic con­

traction has been errphasized. 

Hyper trophy has been defined as an i ncr·ease in 

the size of the r uscle fi b ers . 'The pathological pic­

ture in hyper"Lrop11 y hcS been pr·E sented. It has been 

shown that h:ypertroph y results fr orr an absolute i ncrease 

in the amount of work or en i ~ pain. ent of t h e r yoc2.r·­

diurr - in either c1: se , trere is a decr·ease in the c&rdiac 

reserve . 

An extensive discussion of wor·k hypertrophy has 

been included with arguITents pro and con End a fair 

analys is of t h e argur e1ts . It has been shown that 

e:xerci f- e is not fair er i ter·ion of work hypErt1 ophy, 

that the chamber subject t o the greatest strain ac­

tuc>lly suffers t1:ie greatest hypertr·ophy . 
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As a cor·pen s a t or-y rechanisrr, hypertrophy results 

in a rrore powerful systole; accordin6 to Fi nhbErg's 

cal culations, besed on s ound reasoning, a larg§ iD­

crease in volune is accorr~ anied by a s rrall increase in 

radius, so cor.paratively the dil , ted fi ber c ontrccts 

l ess to ;: ccorr- li sh the S e r € arr l,unt of v,ork, which 

necessi tc1tes a strong51· contraction , "t,hi s being fur­

nished by subc;e c:_uent hypertr-ophy. Hypertrophy, however, 

has a r·eletively decreesed surface f or nutrition and 

i.-.- ..... _ 
LC Cl poor r ~lation of capillary to rr uscle fiber. 

We have seen tret it is foilily to dissociate the 

co- pensetory n echa11isrrs frorr each other or f 1 orr the 

patient as e whole . Tachycardia is cssoci&ted with 

a de cr-ecse in venous pressur·e, but decreased coron&ry 

flow End v este of Energy in opening the sen iluneI s; 

hypertrophy is assecieted with increes~d force of SJ -s­

tolic discharge, but a cherr ical disadva :-.tage as well 

as a poor vescularizRtion. It has bemshown that the 

optir al rate r f or n oderately enlar g ed hear·ts wi i..h and 

without failure, respectively, are 23 and 38 beats per 

~' inute, and t hat fatigue will e 11sue at 58 and 80 beats 

pe1 v inute .: therefore, although hypertrophy may be 

cor pensatory per se, if it associateq. with tE chyccr·dia 

it rr ay lose its c ompens2tory pr oper·ties . 
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In general, we n ay say thEt dilatation is E cerdiac 

co@9nsatory rre chani sm until it has reached the phys­

iolog ical length; sir- ilarly, VE n ay s ay that hypt.r­

trophy i s E corrpenr-ator·y r echanism until the r elati vt 

sur-fc c e of diffusion is too srr c:11, which in man ap­

pr oxin,tes a width of 25 nicra for· t he indivi durl 

ca·diac f iber; also . we TI' ay say that tachyce1·dia 

is r·eally never comrensc:tory in that the disadvan­

tages outweigrt the cdve~tages. 

V,'e hcve visualized by diagrems the sequence 

of dilat£tion to the physiolog ica length and beyond, 

co· pense tion with hypertrophy, en d terminal dilatation 

and hypertrophy. 

The following information pertinent to the s e 

rrech2nisrr s is as 'yet unknown: 

1 The expct r eans that a· decreased c a r diac r·em ve 

results in di l r tetion; 

2 The r,can s by v,hich hyper trophy is eng r a fted 

upon dilata tion. 

3 The usefullness of tachycardia. 

4 The ex c ct role of h ear·t t one with corr pensation. 
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VII Conclusions 

1 Diletation rr2y be tonogenic or rryogenic depend­

ing on v,hethtr there is incree sed wor-k on normal nus­

cle or rar e work on weakened nuscle. 

2 Hyper trophy , too, follov, ing dilatation, ray be 

tonogenic or rryogenic in nc>tur-e. 

2 The physiologica .1 condition which n ust be rr.et 

before eith er of these two rrocesses super·vene is a 

decrease i n tbe cardiac reserve. 

:,;i, 'lhe presence of dilatation 2nd t1ypc:rtrophy 

with a bradycardia v,ould produce rr.axin.al co r pE:ns2tion . 

5 Dilatation corrpensEt,es by increasing the area of 

contact and diffusion; hy1- ertrophy conpensates by in­

<:!reasing t h e power of cont,r·ection; tachJ-cerida is not 

1eelly corrpensatory. 

6 Dilatation and hypertroph;r have inherent defects 

which delir it their usefulness and p1·~dispose to car­

diec failure. 

7 l any questions r·elc'ti ve to dila1.ation a nd hy­

ertr ophy r er ain un~nswer~d: 

So we are forced 1:.,0 conclude that if the cardiac 

reser·ve is dirrini shed to any degree for a suf f'icient 

length of t i,.,.-e to ellici t t he production of p er·rranent 
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diletation and hypertrophy, although there n aJ' be 

terrpo1·2ry corrpensation, tte detri• ental aspect in-

herent in t hese " echanisms ~ill inevitabJy lead to 

cardiac exhaustion and failure . 
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