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Introduction 

Attention has traditionally been focusai on the systolic or contractile 
f'uilction of the heart. However, it bas become iDcreasll)gly a.ppa.rent that 
a.bnorma.li ties of cardiac diaStolic f'uilction play a. critical role in a. variety 
of cl1nical COIXli tions. 

The goals of this d.isCuSSion are (1) to review the mechani caJ. 
description of diastolic phenomena., (2) to exam1 ne the physiologic ani 
biochemical factors which play a. role in relaxation, (3) to relate this basic 
knowla:ige to common cl1nical coiXii tions, ani ( 4) to ex:am:1l'le approaches to the 
d1agnosis ani management of patients with abnormalities of cardiac diastolic 
function. 

Historical Perspectives 

In order to uniersta.ni the evolution of our present concepts of 
diastolic function, it is important to consider the efforts of a. number of key 
iiXi1. vidua.ls' both physicists ani physicia.ns. 

One of the first people to Uxvestiga. te the strength ani resistance of 
ma.teria.ls to stress was Galilee (1). In 1638 be described aspects of the 
strength of ma.teria.ls in his DiaJ.ogues Concerniilg the '1\ro New Sciences. 'The 
exact nature of the relationship between force ani d.ispla.cement was first 
described by Robert Hooke in 1678 when be noted "Ut tensio sic vis" or that 
"The power of a:ny spr:Ulg is in the same proportion with the Tension thereof. " 
In other words, for what bas been described as "Hookia.n" materia.ls, the force 
exerted by a. material is prcportiona.l. to the degree of extension. 

The next major development .in the study of the response of materia.ls to 
deformation was made by the famous physicist, physician, ani Egyptologist, 
'Thomas Young. In addition to ca.r:Ulg for patients ani deCiphering the Rosetta. 
Stone, Young define:t the effects of a. force aga.i.Ilst a. material in terms of a. 
linea.r relation between the force per Ullit area. (or stress) ani the extension 
per Ullit length (or stra.in). 

The interest of physicia.ns in diastole ani cardiac relaxa. tion also has a. 
long ani interesting history. In fact, it was Ga.len (2) who first suggestei 
that the active dillta.tion of the right ventricle might contribute to the 
transfer of blood from the vena. cava. to the heart. Roughly 1500 years later, 
B'arvey, in de Mortu Cordis, suggested that most of ventricular f1.1J.ing 
ooourre:i during atrial systole ani that active diastolic suction was not 
responsible for ventricular f11 1 1 ng. Sul:sequentl y, Frank reachai the opposite 
cacclusion, i.e. that most f1.1J.ing ooourre:i early in diastole. Henierson was 
the first to divide diaStole into three periods: a. period of early rapid 
f11 1 1 ng, a. period of little cba.nge, ani a. trial systole. Sul:sequentl y, Wiggers 
ani Katz then estab1 1 she'! that the extent of f1 1 1 1 ng occurr:Ulg dur:Ulg a. trial 
systole va.rie:i d.epeixti.Ilg upon the strength ani t:1Jn1ng of atrial contraction. 
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Interestiilgly, application of this knowla:ige rega.rding diastOlic 
f'uiX:tion to the cl1Il1ca.l a.reoa. bas been. slow. This ma.y in pa.rt be relatai to 
two factors. First, as noted in the intrcxiuction, there bas been an empha.s1s 
in cardiology in cbaracteri.ziilg ca.rd.1.ac performa.noe in terms of pump:l.:cg 
efficie:ccy ani systolic f'uiXrtion. In fact, the 1n1t1a.l. description of blocd 
now by Harvey empba$1 zei the puJ.sa.tile nature of blocxi now ani the a.na.1 ys1s 
of systolic events. More recently, when Fra.Dlt ani Starl.i.Dg a.naJ. yzei ca.rd.1.ac 
f'uiX:tion, they a.1so teixie1. to emph&S1 ze the nature of the systolic performance 
of the heart (3). SUJ:sequently, the development of ca.rd1ac catheterization 
again emphas1ze:i the measurement of pressures ani pl.acai an empha.s1s on 
systolic fuilction C 4) . 

Secord, as will be presentai , the a.cc:urate measurement of cba.Dges in 
ca.rd1ac volume are important in the UIXl.ersta.n::l of diastolic phenomena. It 
is only relatively recently that convenient, reJ jahle methcxis have been 
developei for the measurement of ca.rd1a.c volume ani news. 

With the recogn1 tion of the importa.Dce of diastOle ani the developnent 
of appx;opria.te tools there has been a gradual but substa.nt1a.l. 1Ilcrease in our 
knowledge of diastOlic properties of the heart (5) which will be the subject 
of this review. 

Basic Cons1 derations 

A variety of approaches have been usei in the d1scussion of diastolic 
f'ullction. 'nl.e choice of an approach has been frequently dominatai by the 
pa.rticula.r techll1que usei to assess diastOlic fuilct1on ani the mc:xiel umer 
eva.J.ua.tion. In the d1scuss1.on to follow I have chosen to take a sequent1a.l. 
approa.ch: that is, to ma.rch sequent1a.ll y through the events of diastole 
because that is the ma.m:lei' in which I believe we generally approach it as 
cl1Il1c1.a.Ds. HeDce, the discussion will be b:roadl y d1 v1dei into mechM1 sms 
1nvol vei d:uri.Dg ea.rl y diastole duri.Ilg rapid f11 J 1 ng ani mecba.n1 gntc1 invol vei in 
the latter portion of diastole C 6) . 

It is first relevant to examine the ~an1 ca.l events which occur dur:: 
diastOle. As shown in Figure lA, diastole is cJassica.lly defi:cai as beg:tcr_ 
at the time of the closure of the aortic vaJ. ve ani eoi1.ng w1 th the begi.nn.:1..:'.g­
of systole ani closure of the mitral valve. Hecce, in essence the duration of 
diastole is cl assica.lly defi:cai in terns of systolic events. Diastole is then 
typica.lly dividei into four phases: the isovolumic rela.xa.tionpericxi, the rapid 
£1JJ1 ng pericxi, d1.astas:l.s ani a trial systole. Du.ri.Ilg isovolumic rela.xa. tion 
the aortic ani mi tra.l valves are closai ani there is little cha.Dge in 
ventricula.r volume. However, pressure rapidly falls until it is below left 
atrial pressure at which point the mitral valve opecs ani f1111ng of the 
ventricle beg1Ils. 

3 



F1g'U.I'e 1 

D 
;.-:::::.. . 

I 

s D to..-·-· 

lC !J!CTION lR AfiP OIAST Jr. SIS l. ~RI.lL 
CONT~ 

• s 

FtGi..iRS. &--2 . 5uoo&vuton or· :ne -:J.tatac :-1c:e ::no sn· 
~ole U\d aautou: . ? . ,, • ~reuure wa ·,otume -:·Jrve1 
u 1 :'uncuon or" a me. S 2 ;vHote . :) • .:::ucote . 
tC • :wvotumac :ontrlcuon. :R • 50 VQ& um&c : : :l.X· 
1taon . ~FP • rtp td :iitang ~n:ue . .: :H'!tt' • ::~ n crJc~~on . 

Now from a mechani st1c viewpoint three events occur during diastole: 
active myoca.1'd.i.a.l r~tion, passive fi 11 1 ng relatei to myoca.1'd.i.a.l 
d1stens:Lb1lty, ani atr1a.l contraction. tJilforttma.tely, tb.el'e is not a one-to­
one correlation between the c11n1cally defined mechani caJ. events am the 
mechanisms i.nvolved. 'Illis discrepancy bas lead some authors (7) to suggest 
tba.t the cU.astollc intervals be reie:fi.Dai to reflect the unierlying mechani SIT'S 
(Fig\lre 1B) . 

Early diastolic f1111ng 

Myoca.rdia.l ~tion 1s determ:iJled by three major factors: (1) the load 
on the heart muscle, (2) 1na.ct1vation, ani (3) the nonuniform distribution of 
load ani 1Ila.ct1vation in space ani time (7,9). It 1s i.mportant to consider 
each of these factors in some deta.U. 

Tbe idea of load depeaience bas been d.el'1 ved from exper:iJnents 1n 
isola.tei ca.rdia.c muscle. If one alters the load (preload or afterload) on 
muscle duri.Ilg the first two-tb.i.rds of contra.ct1on, there 1s cha.Dge 1n 
~tion (Figure 2). As the preload or afterload 1s ra.1sa::l, the onset of 
rel.amtion 1s delayed (8). If, however, the load 1s applied. 1n the f.1na.l. 
thiXd of contraction or during r~tion, the duration of re.la.xa.tion 1s 
ma.rka:lly shortenei. Hence, there 1s transition zone approxi:ma.tely two-thirds 
of the way through systole at which the loading response dramatically cha.Dges; 
1t bas been suggeste:i tba.t this transition zone plays a major role 1n the 
control of cU.astollc perfo:rma.DCe in the intact heart. 
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Figure 2 

FlGUilE ~1. Effecu o( changes on con<ncnon l.nd 
reluaaon IOAdins on rela.xauon '" •soWed ac ~II· 
laty mwcle. Thi> 61JUre ohows some o£ :he expen­
mena dw 1\ave 11ven ,.. uwsh<on<o lood dependence 
o£ reWwion in cardiac mwcie [ 1 ). In all p&oeu. on· 
rnl tw1!Clles obauled in iJola<ed c:ar -llaty mwcle 
1\ave been supenmpowd """' <he shonenons <riCes 
aboYc and <he correspondin1 iorce <riCes below. P•· 
nels I and II. Twicch 3 on panels A and B 11 <he 
iiOCIMV\C conuol rwnch and !he nllmben 1 and 2 
re(., 10 compuable af<erioadJ. Two<eh 4 on panel A 
( nlftl) it a (reeiooded iiOCOniC CotllractiOII II len¢1 
lmu. Pone! A ili~~Suacet ..ttecu o£ aicetiood. Pl.nel B 
illusuua etfecu o£ abNp< lood alceraoons ( lood 
clampo) evty Clef<) and lace c nsh<l d .. nns :he cardiac 
cycle. Panel C ill..aua~n ..ttecu of chanses on preload 
01<her before <he tw11Ch Cleft. irom preload I 10 pre­
lood 2) or u <he end ( dllnns <he oso<onoc lengthentng 
pl\aae) of a phySIOI081caily ~llenced I oiOmetnC•0$0-
!otiiC 1 rel&uaoa [ 8 ). Pl.nel Ill olllls<ra<es <he elfecu 
on relaxation o£ smalllood clamps on <he systol ic phase 
of <he cardiac cycle. Mlls.:le chanctensua I 29' C l.nd 
12/ min l: len¢~ u lmax. 7. l mm; meat~ crou-o.ec· 
tionaJ am.. 0.84 mm2; ratio of r~uns to fOW ccnston 
u lmax, 8.". 

The se;x)J"'d major control is via 1Ila.ct1vation. F'ulxlamenta.lly, relaxation 
is governe:i by the processes th.it lead to the detachment of cross-bridges. 
ReDce, the sensitivity of rel&cation to load.i.Ilg COIXiitions is diminishe1 when 
the reupta.ke of Cytosolic calcium is dec:::reassi (9 , 10) . However, it appears 
tba.t at low concentrations of myopl.asm1c ca.lcium the effects of load 
preiam1 nate over the effects of the aJ. terei calcium concentration. As 
d.1scussec:l. below, the removal of intra.cellular ca.lcium is an energy depe:t::d.ent 
process. In add.ition, the seilSitivi.ty of the myofibrills to the calcium 
comentra.tion can be aJ.tere:i by intra.cellular acidosis . . 

The third factor in the control of rel&cation relates to the 
noram1form1ty of the load.ing of in:iivid:ual. cells. The general. a.na.lysis of 
load.ing am 1Ila.ct1va.ticn. effects has been done in isolate:i muscle 
preparations. Clearly, in the intact heart there a.re differences in the 
sequence of contraction wbicl:l lead to va.rying load depen:l.eilce. This is 
potentially even of I001'e 1mporta.n0e in the setting of ischeni a. am infarction. 

Now, when o:ce atteupts to apply these ideas to relaxation in the intact 
heart, the situation recomes more complex. If o:ce first conSiders the effects 

, of loading, these can again be divided into those occurr:Ulg duri.Dg the fil'st 
two thirds of contraction ani those occurri.Dg late in contraction ani during 
rel&cation. 

First, with increases in volume or pressure load.ing early in the fil'st 
two-thirds of systole j:here a. prolongation in isovolumic pressure decl 1 ne 
in:iica.til:lg slower relaation C ll, 12, 13). Aga.in, this is a.naJ.ogous to the 
effects of inc:rea.se:i preload ani a.fterload in isalate:i muscle. Seconi, 
mul.tiple fa.ctors aJ.ter the loading of the left ventricle late in systole ani 
into d1astole. These factors include deformation d.ur:Ulg contraction, 
impe1Al'X"'e aJ.tera.tions in the vascula.ture late in ejection, f1111ng of the 
coroca.ry reservoil' d.uri.Dg isovolumic rel&cation, ani the I.a.pla.ce rela.tiOilShip 
after mitral. valve opeciilg (9). The effect of the t.1m1.ng of load:Ulg on 

. relaxation in the intact heart is shown in Figure 3. It is this load.i.Ilg due 
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to multiple factors duri.Ilg tbe eo:i of systole that leads to tbe phenOmetJ.on of 
d.1astollc suction duri.Ilg rapid f1 1 1 1 ng. I£ rel.axa. tion is made load 
imepenient, then diaStolic suction does oot oocu:r ( 9) . 

,..,,..., 

FIGtJR.! """· The etf'«t oi an &.bNO< votwn~ tncremenc on the nme course oi lert vencncuiu pressure. The soua 
lines an control ttovoiwnte bfta: l.t\4 che oroken lines ue ~nte1"'Yenaon ( q~ouc~·Jtrete!'l > on.a. In cne ~anet on 
tne tft.t, the votwne ancrem.nc LJ ~~v~ nttv •n fne conrncnon: :n che panel on cne n,nc. ~~ voiume tncremenc 
tS pv~ la.ct :n cne conU'Ktlon. in OOUI. expenmena. G ml or' wvm blood •ft't' :ntU.sca 'W'ttnan 1 1 mJec. 7:-:e 
~Y voiumt tniuston awe<~ ll1 lONOt tncrn.sc tn pressure. :'allowed bv a scee, aecune. 111a :neon 1 "ace-su 
~·ore pressure pe"n.t co atop cowva cne ata.tottc leveL The Onset of pressure aecune 1ru 12 :nsec ~ J.ter :n 
:ne eanv tftcHVencaon expenmenc. 8v com~son. cne ' ame votume tncremenc Javen '" :ace svnote ~roauces 
1 au ace auferenc resutc. Hen" cne :J ressure aec1ine ~ eattte-r lt\d mucn more :-aptd: pe2J' ne§Uive e1P -' ac tncr~ 
r'rom ! "'~ 2 mmH"sec tn cne concroa ~c co ;oo~ mm HJ!sec 1n cne 1ncervenaon oeu. 

The fact that the respcmse to loadi.Ilg varies d.epen:i1ng upon tbe time 
during contraction a.t which it is a.pplie:i mea.DS tba.t relatively m:!.Ilor sh.i£:.:; 
in the t1miilg of loadi.Ilg c:an lead to sig'Ilific:ant effects on rela.xation. . 
Sbifts of loadi:cg from late to ea.rly in ejection wm delay rela.xation while 
Sbi.fts from late to ea.rly ejection wtlJ. teo:i to speei rela.xation. 'lll1s type 
of chmlge in loadi.Ilg c:an be i:aiuce:i by cha.Ilges in arterial. 1mpe:la.IlOe due to 
drugs or a.l tera.tiorJS in vascu1a.r tone, by a.1. tera.tiorJS in contractility, am by 
chmlges in tbe nornmHormity of the distri.bu.tion of the load (14). 

Gi~ tbe effects of systolic loadi:cg on rel.a.xa.tion, Brutsa.ert (9) 
(FigUre l) bas suggeste::l tba.t from a. ccnceptua.l point of view 1 t ma.y be useful 
to cons1 der tbe rapid f1111 ng phase to be pa.rt of "systole" in the seDSe tha. t 
1 t is an integral pa.rt o£ ca.rc:U.a.c muscle rel.a.xa.tion. In this ccnceptua.l 
structure, systole CODS1sts of a. contra.ction a.td a. reJ.a.xation phase. The 
contra.ction :phase CODS1sts ot isovolum:i.c contra.ction a.td the first ba.l.£ of 
ejection. The relaxation phase COilS1sts of tbe f1Da.l. portion of ejection. 
iscvOlum:i.c rel.a.xa.tion, a.td the ra.pid f1J 1 1 ng phase am reflects the load 
depenience of this portion of cJass:l ca.1 d:Lastole. True diastole would then 
consist of pass1 ve f11 1 i ng a.td a.tria.l. contra.ction. 'lll1s a.pproa.ch, in a. sense, 
divides the ca.rd1a.c cycle into an a.ctive "systolic" phase involvil:lg the active 
aspects of both contra.ction a.td rela.xation a.td a. "diastolic" phase which is 
truly pass1 ve. J 
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Act1 ve Rela.xa.tion 

FllT'rlamenta.ll y, the a.b.1ll ty of the heart to reJ.ax is depeixleo.t on the 
release of the a.oti.n-myOs:1. boix:!.s forme:i duri.Dg contraction. This release is 
d.epeD:ient upon (l) the removal of intra.cellular calcium a.tXi (2) the preseooe 
of KJ:P. 

'!be seilSitivity of relaxation to the presecoe of K!:P is apparent 1£ one 
considers the fact that the delivery of calcium to the contra.ct11e mechanism 
is a passive process, Wile r~tion requireS the active tr~rt of 
calcium aga.inst a ccmcentl'a.tion gradient ( 4). It has been estilratei on the 
l:es:1s of the concentra.tion~ent for calcium [ (cytosollc [Ca.~] = 0.1 11M, 
sa.1'COpl..asmic reticulum [Ca. ] = 111M)] that calcium entry via. a s:!.Ilgle 
sarcolemmal. channel is apprcx:1lna.tely 3,CCO,CCO ions/secon:i, Wile the KrP 
d.epenient flux across a s:!.ngle calcium pump ba.clt out of the cytosol is on the 
Ol'der of 30 ions/secorrl or 1/lOO,CCO of the rate of calcium entry. As shown 
1n FigUre 4 , this di.fference 1n speed. is compensated for, to a degree, by 
1Ix::ree.s:I.Pg the Imlllber of pump s:l. tes 1n the sa.1'COpl..asmic reticulum. However , 
by depeD:i;l..ng upon this large Imlllber pumps to relax the tissue, the relaxa. tion 
JDErhan1 sm becomes energy depeixleo.t. It is this di.ffereooe 1n the a.b1l1 ty to 
move calcium that appears to make the a.ctive -~tion of the myoca.rd1um 
vulnerable to small cba.nges 1n KrP concentration. Sm1 th C 4) has suggested 
that the fact that a small decrease 1n KrP ccmcentration 1mpa.1rs active 
~tion suggests that K!:P may play an allosteric role 1n stimula.ti.Dg the 
calcium pump . With more severe falls 1n NI:P to 1~ below that requirei to 
ma.inta.in the tr~ of ca.lcium, ooe would then have contracture. 

TABLE 1. SaJam:• a- c~· lfu:cas dunng activa:ion IUtd relax arion m me myocllft1ium 

A. Surlece.,... of memor.nes '"the rnyocaraium (16) ~/..m'l 
Sareotemma + t tuOUift (SL) 
San:oowmrc miCUIUm (SAl 

B. Oensi!M of~~·~.,_ IIICI ~·ilUITIO Silas (Sitas/,.m~) 
~· cnanneie in tne carclaC SL ( 17, 1 8) 
~· ..pumo protaiM in cardiaC SA (1 1 . 1 9) 

c. ;\jumtlef' of Sltas/..mJ (A x BJ 
Sar=amma + t rucu&es 
SarCOOIUmtC re~~CU~Utn 

o. Ratas of ca•• nuxas 1nvavec in acuvaaon ana relaxation (ions/sec) 
Ac:liVaaon (flUx tnf0u911 a ca•• ~.,n•l (14) 
Aetaxaaon (nux by a ca•• ilUITIQ Site) ( 1 5) 

e. " Ca•• nux ~• c:apeoty" (ions/sec · ,.mJ) [C x OJ 
Acavaoon 
Retaxaoon 

Figure 4 
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Otber factors ma.y sign1ficantl y IIk::d1£y a.ct1 ve ~tion. Clea.rl y, 
.i1xlr:'eaSei sympa.thetic toile leads to more rapid r~tion a.rxi it is a. major 
factor ill the time ccurse of ~tion. 'lh1s mecban1 sm appears to pla.y a.n 
jJaportant role ill a.llowi:cg the heart to fill with iwrea.s:i.rlg heart ra. te. In 
addition, there is the suggestion that rates of r~tion ma.y l:e a.ltere:i with 
cba:lges ill myosin isoforms. 

It also appea.rs that ac1dosis ma.y alter the effect of .1schenia. on 
c1:1astol1c flmction. Recently, Grossma.n, ~ a.rxi cclleagues (15) have 
ccmpa.reci the effect of myoca.rd1a.l. ischeni a due to iiicreased oxygen denam in 
the preseDOe of sign1ficant corona.ry steDosi s with ischeni a. of compa.ra.ble 
duration due to total corona.ry cx:x:llusion. '!bey fOUDi that diastolic 
dys£!.motion was prcmil:lent ill the setti.Ilg of ischeni a ca.use:i by iilc:rease:i 
oxygen denam but was min1maJ d.ur:!.Ilg i..c::chenia due to tota.J. coronary occlusion. 
'!bey fOUDi IlO sigmfica.nt change ill KJ:P ccmoentration ill either group over the 
period of ischeni a.. '!bey conclude:i that the protection aga.:!.Ilst d.ia.stolic 
d:7Sfuilotion in the setti.Ilg of tota.J. occlusion ma.y reflect the effects of 
~en ion a.ccumula. tion, loss of coronary va.scula.r turgor, a.rxi repea te::l. 
systolic stretch C 15) . 

Add.itiOIJa.l studies by the same group (16) suggest that the rapid 
development · of intracellular aci.d.osi s ill the sett:!.Ilg of total occlusion 
decreases myofibrilla.r ca.l.cium sensitivity leading to a. decrease in calcium 
a.ctiva.te:i diastolic teosi~. 

Another illterest:l..ng ol:serva.tion bas l:een made by E1 ttl a.rxi Ing'.1all C 17) 
(Figure 4). '!bey examined the nux tbrough the creatine ld.nase reaction by 
mea.DS of phospbor\ls-31 NMR saturation tramfer. In this method one can take 
advantage of the fact that exchange of the gamma phosphate of KJ:P with 
phospbocreatine occurs rapidly on the NMR time sca.le. Hence, the NMR methcd 
allows one to measure the un1d.i.rectional. nux l:etween phospbocreat1ne a.rxi AT? 
Using this tecl:m1qu.e they fOUDi that there was a. linea.r relationship l:etw 
nux a.rxi the degree of stretching. Hence. the turnover of ATP iilc:reases :... 
the sett:!.Ilg of in.crea.sei di.stens1on. 

1000 0 -1nnn 

Figure 5 
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In man, the studies of the biochen1 ca.l correla.tes of diastollc fuilct1on 
have been limitei. Easl:lore (18) ezam1nei the correla.tion between a. number of 
1n11oes of systol1c am d1astolic £\mction am measurements of KJ:P from left 
ventricul.a.r biopsy spec1 mens obta:1.Ilai a.t the time of pressure-vol.ume studies. 
Tlley fOUIXl weak linee.r correlation between the adenOS1 ne tripbospJa.te to 
protein ratio to peak negative dP/dt (r-0.74) am peak f111ipg ra.te (r-0.76). 

Diastollc Suotion 

As was briefly mentioned 1n the i.ntrcduction, there bas been 
considerable controversy a.s to whether the phenomenon of "diastollc suction" 
oocurs during ra.p:l.d f1 1 1 i ng. 'llle deta.ils of ca.rd1ac structure a.re beyoiXi the 
goals of th:1.s diScusSion. However, it 1s evident that there a.re aspects of 
the orga.niza.tion of the heart which allow it to store energy during 
contraction that 1s then. used to a.1d 1n reJ..Qa.tion. 'lll1s idea of storing 
energy 1s termed "elastic recoil" am 1s comparable to the energy store:i 1n a. 
spring when it 1s compresse:i to less tba.n its resti.ng length. Connective 
tissUe 1n the heart forms a. weave of struts which tether muscle cells together 
(19, 20) . Stra.nJs tw1stei a.rouni each cell s1 mi1 ar to a. bammock (Figure 6) 
a.ppea.r to act to prevent overstretchi.Ilg a.l.ong one d.iagODaJ. during f1 1 1 1 ng ani 
to prevent over contraction a.l.ong the other d.iagona.l. during contraction. 'Ihis 
stretching wuJ.d. store energy terd 1 ng to reextem the muscle. Simi 1 arl y, 
there a.re struts of connective tissUe that tether the il:Xlivid.ua.l. cells 
together a.ga.in form:i.ng a. M!'l!l'll()Ck like network that can be use to store energy 
d.ur1ng contraction. Interesti.Dgly, hearts 1n amphibians do DOt ba.ve tb1s 
comleCt1 ve tissue web am do DOt ba.ve as act1 ve ventricul.a.r fi 1 1 i ng a.s 
!!!M!!M1ian hearts. 

Figure 6 
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Mid-to-late diastOle 

With the em. of active relaxation a.tXi rapid f1 11 1ng, cme can then turn 
to the evaluation of passive physical properties of the rel..a.xe:i myoca.rd1um. 
Clearly, slowillg of active relaxation can influ.eooe measurement of the passive 
physical properties of the ventricle. 

A wide variety of terms have been usei in the description of the 
diastOlic properties of the heart. HeilCe, it is ilaporta.nt to use a common set 
of terms (21 , 22, 23, 24) to m1 p1 m1 ze con:t'us1on: 

D1stensib1l1 ty: The cba.Dge in volume with a cba.Dge in pressure. 
Ma.thema.ticall y, this is written as dV I dP . This is also 
referrai to by same authors as compl.1a.nce: A much used ani 
much a.busai term. A dangerous term in that it is depenient 
on the volume of the cba.mber ani heilce should not be usei to 
compare the d.1stens1b1l1 ty of two bea.rts that are at w1del y 
different volumes. 

Stiffness: The cba.Dge in pressure with a change in volume or dP/ dV. 
This is the reciprocal of d.1stens1b1l1 ty or compllance. 

Left ventricular chaJJ!l=er stiffness: The stiffness of the entire left 
ventricle as it interacts with S\lJ:'l'O\lni1n structures. 
HeDoe, it is al terai by physical properties of the left 
ventricular myoca.rd1um, intr:Ulsic dynamic factors in the 
myoca.I'dium, ani factors elttr:Ulsic to the left ventricle, 
1ncludi.ng the perica.rdium ani right ventricle. 

Myoca.rd1aJ. stiffness: The stiffness due to the intriilsic myocaxd1a.l 
properties, both passive ani dynamic, without the effects of 
eoctriilsic factors . 

Stress: 

Strain: 

Force per Uil1 t cross sectional area. 

The percent cba.Dge in d1mens1on that oocurs with the 
application of a given stress. 

Young's modulus: Describes for a given material the relationship 
between stress ani strain. For example, in the case of a. 
sprillg, there is a linear relationsbip between stress ani 
strain. In the case of the heart, there is a non-linear 
relationsbip. 

El.astici ty: The property of a material to return to its original 
configuration after stress. 

V1scoelast1c1ty: Used to describe a material in which the stress 
depeiXis not on1 y on the strain but also on the velocity of 
the strain (the strain rate) . 

10 



Left ventricula.r cham® stiffDess is determi.ne:i by exam1 n1 ng the change 
in. pressure assoc1a.te:i with a. given cha.nge in. volume via. a. pressure-volume 
curve. 'Ih1s poi.nt is illustra.te:i in. Figure 7. Note that because of the 
curvil.1.Ilea.r mture of the rela.tion between d1astolic pressure am volume. the 
rate of cba.nge, dP /dV, varies with volume. Now if there is an exponential 
rela.tionship between pressure am volume, then the cba.nge of d.P/dV with 
pressure can be expressEd 1n terms of a. single expoDSOtiaJ. COilStant .,.hi.ch. is 
terme:i the chamber stiffDess constant. U cme examines this relationship Ul. 
different ventricles, cme fims different curves descri.bi.ng the left 
ventricula.r chamber stiffness (am its reciprocal, the left ventricula.r 
chamber d.1steils1b1l1 ty or compl1a.DOe) . 

To obta.1n a. measure of the stiffDess of the myoca.rclia.l wa.l.l one Ilee::i to 
examine the stress-stra.:i..n rela.tionship. Here the stress is ca.lcu.late:i by 
convert:l.ng the pressure to force per Uili t a.rea am stra.:i..n is ca.lc::ula te:i from 
the volume on the basis of known aspects of the geometry. (For a. more 
deta.11e:i d.1.scuss:l.on of these poin.ts the reader is refere:i to references 1. 21, 
am 22). Aga.in we -fi.ni tba.t the rel.a.tiOIJShip is non-linea.r am can be .,.ell 
describe:i w1 th an exponential constant .,.hi.ch. is terme:i the ela.stic stiffness 
or myoca.rclia.l stiffness constant. The use of terms stress, strain, am 
ela.stic stiffness a.llow for compa.rison of the stiffness am ela.stici ty of 
structures of different sizes am shapes. 

Figure 7 

DIASTOLIC VOLUME: 

b 

"' "' ..... 
a: .... 
"' 
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Now given that cme can describe the stiffDess of the left ventricula.r 
Chamber in. terms the stiffness COilStant, it is 1mporta.nt to note tha.t two 
cba.nges can take place. __, First, there can be a. cba.nge in. the slope of the 
curve as d.iscusse:i, bu.t secord, there can a.lso be a. d1spl.a.cement or mvement 
of the entire curve with or without a. cba.nge 1n. slope (Figure 7). lieDCe, one 
can bave the situation where there is d1spl.a.cement of the curve down but a.n 
1llcrease 1n. the slope (this type of response can occur 1n. patients given 
nitroprusside). 'lherefore, simple report1..ng of the chamber stiffness constant 
a.lcme is not adequate am d.1spla.cement must a.lso be note:i. 

11 



The cU.astolic pressure volume relationship can be altered by a. variety 
of factors berth extrinSic a.txi. intrinSic .to the heart. As notai by Grossman 
(6), changes in factor extriilsic to the left ventricle can lead to significant 
parallel shifts without cb.a.Dges in curvature. This beha.v1or can be seen in 
CCilStricti ve perica.rd.i t:UI, perica.rd.ia.l tamponade, or in the sett:UJg of tuiOOr 
in the perica.rd.ia.l space. S1m11a.rly, iooreases in right ventricular volume ill 
the sett.i.Dg of a. taut perica.rdium can lead to extriilsic compromise of left 
ventricula.r f1 1 1 1 ng. This can be seen in the setting of acute right 
ventricula.r infarction. 

An additional. effect bas been suggestai relatai to coronary vascuJ.a.r 
turgor (the so-caJ.le:i erectile effect). The la.rge amount of bloo:i now 
tbrou.gh the myoca.rdium ma.y play a. role in wall stiffness, particularly when 
pressure a.txi. now fall in the setting of coronary occlusion w1 th poor 
collateral now. This effect ma.y expla.in. in pa.rt. the Ulci'ease in 
d1steDs1b1lity that can occur in the sett:Ulg of coronary occlusion. 

_ In the a.l::seDoe of extrinsic factors. a. variety of intrinsic factors may 
cause this measure of chamber stiffness to cha.Dge. These include cha.Dges in 
the true passive elasticity of the wall, such as the thickness of the wall ani 
its compcs1 tion (i.e. , proportion of muscle, fibrcsi.s, or infll trating 
process) , in the sett:Ulg of hypothermia.. or cba.Ilges in osmola.li ty. In 
addition, cb.a.Dges in the myoca.rdium reJ.a.tai to residual cross-bridging can 
occur not only in early diastole as d.escribe:i above, but also be carried into 
mid a.txi. late systole. 

It 1s important to note that this type of a.m.lysis assumes that the 
relationship between cti.astolic pressure a.txi. volume 1s exponential. Such an 
a.m.lysis ignores effects of v1sccus a.txi. :Ulertial drag, ani viscoelastic 
effects such as stress rela.xa.tion a.txi. creep. However, ~ t bas been suggeste:i 
that these effects are not important in the intact heart. 

It 1s also important to rea.lize that this formu.l.a.tion assumes that the 
consta.nts in the exponential relationship do not change during the ca.rdia.c 
cycle. Interest:Ulgl y, in the early 1970's. Templeton. Wlldenthal, Wlllerson, 
a.txi. Mi tcbell (25, 26. 27. 28, 29) of this inst1 tution performei a. series of 
important studies 1.lSi:cg a. an1ma.J model in which it was pcss1ble to eval.ua.te 
the stiffness of the intact left ventricle a.t multiple points duril:lg the 
ca.rd1a.c cycle. Briefly, a. simlsoidal va.ria.tion in volume was a.pplie:i on top 
of the DOriiaJ. pressure changes OCC\lrl"iilg duriilg the ca.rd.ia.c cycle. By 
measuriilg the alteration in pressure in response to this sma.ll volume challge 
it was pcss1ble to determine d1stens1b1l1ty a.t multiple points in the ca:rdiac 
cycle. A typical resu1 t 1s shown in Figure 8. 

, 
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C!J 1 n1 cal .Assessmet'ts of D1astollc Function 

FigUre a 

A variety of invasive ani DOD.-invasive techn:l.qUeS have bee1l utllizei .:.:1 
an attempt to assess d.1astol1c f'lmotion in man. (30). As d1scussei above, one 
1s interesta:i in a. meesure of the cba.Dge in pressure associa.te:i with a. change 
in volume a.t multiple points in time. Heoce, it 1s des:i.ra.l:lle to measure all 
of these factors simul:ta%leously. Unforttma.tel y, this 1s gecerall y difficult 
in that 1nvas1 ve pressure measurements a.re require:i. For this reason, these 
techn:l.qUeS have a.ttempta:i to a.pproacl:l. the problem from the stan:!:point of 

"'- measuring only one of the pertinent variables , i.e., pressure or volume, with 
respect to time. Thus it-is evident that fnrrlamenta.lly they a.ll have 
signi!icant limitations. In geceral, it 1s reasonable to expect volume 
deri vei Uxl.ioes to provide a better cba.racteriza.tion of re.l.axa.tion than 
pressure or interval der1 vei measures (Brutsa.ert) . However, 1 t 1s possible to 
obtain some useful clinical information using these techn:l.qu.eS. In 
pa.rtiCul.a.r, ea.ch of these· metl:lcds have certa.1n advantages ani disadvantages 
for the clinician from the stanipoint of patient risks, costs, ani utility of 
the data abta.:l.ne:i. 
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PhoDoca.I'd.1ogra.phy 

The a.pexca.rdiogram provides a. gra.pbica.l record.ing of chest wall rotion 
a.t the a.pex (31, 32). Raiuce1 d.1stensib111ty leads to a. reiuction :Ul the rapid 
f1 1 1 1 ng wave am a.ccentua.tion of the a.pica.l A wave. Although the 
a.pexca.rdiogram is a. relatively 1nexpenS1ve test, it suffers :Ul that it is a. 
relatively operator depeixient technique am d1£ficult to qua.nt1ta.te. For 
these reasons it 1s use1 :Ulfr~tly :Ul cl.i.Ilica.l. eva.luation. 

ca.rd1a.c Catheterization 

A variety of measures have been ut1llzed dur:Ulg ca.rdi.a.c ca.thteriza.tion 
to eva.luate diastole. One simple measure is the left ventricula.r eni 
diastolic pressure. Unfortunately, it provides only one po:Ult :Ul time to 
reflect all of the events occuring during diastole. It would be d.esirea.ble to 
obta.1n measures which allow one to sepa.ra.te early am. l.a.te diastolic events. 

The :Ulitia.l. measure usei to eva.luate ca.rdi.a.c rela.xa.tion during ca.rdia.c 
catheterization has been the maximum ra.te of left ventricula.r pressure fall, 
or the peak negative dP/dt (33). This measure has significant l.imita.t1ons. 
First, it is eoctremel y depen:l.ent on load.i.ng con:ii tions, :Ul pa.rticul.a.r the ~ 
pressure: i.e. , if the level of peak pressure :Ul higher then the value of pee 
negative dP/dt will be higher. Hence, a. rise :Ul peak negative dP/dt could .!::€ 
due to a.n increase :Ul the ra.te of rela.xa.tion of a.n increase :Ul the peak 
pressure. However, if a. cha.Ilge :Ul pressure ca.n be e:xclude:i, then this measure 
ma.y be quite usefUl. 

Eeca.use the ra.te of fall is depeixient on the :Ulitia.l. loa.di.Ilg con:iition, 
sul:::sequent studies have usei a.n exponentia.l. ra.te CODSta.nt to describe the ra.te 
of left ventricula.r pressure fall (34). The fall :Ul pressure with respect to 
time ca.n written :Ul the form: 

P(t) - P
0
e-t/T + PB 

where P(t) - pressure a.t time t, 

T or ta.u - the exponentia.l. time constant 
for the deca.y :Ul pressure 

P - the :Ul1 t1aJ. pressure 
P~ - the pressure a.s t goes to inf:Uli ty. 

This formula.tion allows the pressure to deca.y to some resting value 
dur:Ulg long diastoles. Studies :Ul anima 1 s am. :Ul ma.n ( 35, 36) have 
d.emonstra.tei that the fall :Ul pressure is a.pprox:l.:ma.tei remarkably well by the 
exponerltia.l. :t'ul:!ction. ('Elis firrl1Dg ma.y reflect the fact that the ca.lcium 
uptake by the sarcoplasm:1.c reticulum is a.n exponentia.l. process) . Typica.l. 
values for these variables a.re shown :Ul Ta.ble I. It is important to reallze 
that this time consta.nt is sbcrtenai by ca.techo1 ami nes. 
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Table I 

TABLE 20-1. &VGiu4lW!I o/ !.4/l V'"mcul4r D1a.s<nlic P"1ormtm~:e: 
.Vo""ol Volua /or Som1 lndicu of RttaztUlO>t =d F'iUinq 

~annal Valu .. Reference 

Peale -dP/dt !660 = roo mmfiJ'sec ; 

2922 = 730 mmfl·l- lSi 
1864 : :J90 mmfiJ'se<: 08 
IW: 261 mmfiJ'MC 69 

T (lopntluruc me!llod. :JS:<maec Oi 

~7) 3:J:8msec 'l8 
31 : J IIIMC 09 

T ( derivadve medlod. 56= 12..-.: 09 
equal:lons d and 9) 

p o ( dmvu1w me!l\0<1. -2s = 9mmfls 69 
equaaona d and 9) 

PPR 3.3 = 0.6 EDV!sec .;:) 

Time 10 PPR 136 = 2:3 rn.oec .;:) 

Peale -dhldt (pol<enor wall) H : J.O em~ sec 04 
3.2: 3.7 cnvsec 06 

Pf'U -dhdl • mu;um.un rue o( LV ~lum.c ~ dlclinr. r • am• ton.M&N o ( l.V 
I.IO'W'OtWIUC rtt:uaoon. ~ UIU.l'Nit!l tiOU\ lft'O ~ \1\t.lf'I!'IO( ( equ.aaon :'"! .&tt<l 
Y'VWM ~ 1 P•) LtUernOC (equ&QOftl6 lftd 91: Pf'R • I..V prnk 1Ulln4 nte. trom !'alllo­
!1UCUOI ~~. noe'ftLI,ijaQ to tftd..d1.MlOtic YOiwMJ 1 EOV)Itee: PHX -'11\1 rU • 
muiiiiUift ,... 0( poecenor ......,. UUMatiC. tneMUnd ~ echO. 

The complete pressur~volume loop. as previously discusse:i. provides t.'-:e 
information rea.ll y DeCeSSa.rY to eva.lua te cha.Ilges in d.:l.steiJs1.b1 ty. In t.'" 
case of ca.rd.1a.c catheterization, the volume information has l::een obta.:l.ne:::. 
tl:lrougb. ventriculography with the a.ttaxia.nt injection of iod.:I..Ilated contra-. 
material. Repeated meesuremec.ts were campl1cated by the k:cow effects of 
dye an re:I&catian (37,:38). P.ecec.tly, rad.ionncJ1de ventriculography ani 
ecboca.rd1ogra.phy ba.ve l::een ba.ve been utillze:i in comhimtian with 1nVasive 
pressure measurements to obtain pressure-volume loops. 

Usil:lg the pressure-volume loop one can look for displa.cements suggesting 
the presence of exterl:laJ. factors influencing d1stel:ls:l..b1 ty ani cha.Ilges in the 
slope suggest:i.Ilg cha.Ilges in intr1Ps1c factors. Examples of pressure volume 
loops in several. C01li1. tions assoc1 a. ted with a.boorma.l. left ventricula.r 
d.1stens:1.b1J. ty are shewn in Figure 10. 

Fad1 onncJ 1 de Ventriculography 

F.adiOimcJ ide ventriculography (RVG) potenti.a.l.ly prov:l.des a. llleaXlS of 
assessing volume cha.Ilges during different port1ons of diastole 
(:39, 40, 4l , 42, 43) . In radi.onncli de ventriculography the blood pool is tagged 
with a. radiopba.rma.oeutica.l ani images a.re taken a.t multiple points in the 
ca.rd.1a.c cycle, generally every :30 to so mj1, 1 seccms. The radioactive counts 
over a. region of interest over the heart is then measure:i to obtain a. blood 
pool rad:Loactivity time curve (Figure 9). 
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Although this methcd is attractive from a. theoretical stan:l.point it bas 
a. Il1llt1ber of tech:oica.l lim1ta.tiODS. First,as pointai out by Eonow (41). the 
a.ccurate determir..a.tion of peak LV f1111 ng rate requires a higher temporal 
resolution than is typ:Lca.lly usei for the measurement of ejection fraction =: 
rad1. onucJ 1 de ventriculography. Frami.Ilg rates of greater than 40 frames per 
secorxl are typica.ll y requirei C < 25 msec per i.ma.ge) . Eeca.use of the short 
sa.mpl.1ng time. the Il1llt1ber of counts a.cqu:l.rei w1 th each cycle is sna.ll, mean1 r:g 
that many cyoles Ilee:i to be a.veragei to obta.i.n a.ciequa.te counts for each frame. 
'!be first derivative of ·this curve gives a measure of the rate of f1111ng of 
the left ventricle (44) (Figure 9). 

'!be low Il1llt1ber of counts makes the data noisy. Hence. several methcds 
ba.ve been suggestai to smooth or fit the data to a defined curve. There is 
considerable difference of opin1.on in the IlllClear cardiology literature with 
rega.rd to the best methcd for perform:!..tlg this fil ter:Ulg. Of impOrtance is the 
fact that the measures of d1astolic ±'ul:Jction obta.1.Ilei are heaviJ.y depement on 
tbe curve fi tt1Ilg or Sn¥JOthil:lg approach used, mak1 ng it difficult to compare 
results from different investigators. 

Secon:i, since the approach is fnrrlamenta.U y depement on the number of 
counts reaching the camera reflect:Ulg the Il1llt1ber of counts in the ventricle . 
attemlation of counts can lead to errors in the determir..a.tion of the rate of 
change. Third, because gatei multiple ca.rd.1ac cyoles must be usei to a.cqu:l.re 
tbe data, arhytbmias can alter the shape of the· f1 111 ng curve. 

A less compliga.tai measure is the first third (of diastole) f111 1r:g 
fraction. 'Ibis is ca.lculatei as the percentage of the eiXl~lic counts 
reach.e1 d.ur:Ulg the first third of diastole. 'Ibis value should reflect active 
left ventricular relaation more closely than measures that include a la.rger 
portion of diastole. 

As an add1. tiom.J. comment, a.l though some of the in1. t1a.l work ~ 
radionncJ 1de ventriculography to evaluate diastolic function was done using a 
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first pass techn1qu.e ( 45) , there are arguments aga.:l.l:lst the use of this methcd 
C 4S) am equ1l.;1J:xrium gated. approacll is tO be preferrei. 

Altbough measures are relatively easy to obta.:1.n with radimnc11de 
ventriculography, the1l' vaJ.id.1ty. is in some question. For example, the effect 
of bee.rt rate an the rapid-f11 11 ng phase 1s Uilla:lown. Frequently, computer 
software 1s use:i to Mcorrect" for the effect of bee.rt rate even though 
cba:lg1Ilg sympathetic tOile could affect both cycle length am relaxation rate 
at the same time mek1ng a correction for heart rate would be .i.Dappropriate 
(4). 

'Ihe IlllClea.r probe has also been evaluated. as a tool for the assessment 
of diasto.Uo t'lmction C 47,48) . 

Echoca.rd.1ography (M-mcde ani two d1 mens1 Oilal.) 

As oompa.re:i with catheterization, eohooard1ography is f'nma:menta.lly a 
teclm1qu.e that measures dista.tlces. Heooe, M-mcde eohooard1ography can be usei 
to make a single l..1.l:!ear measurement of the ventricu.la.r d1 mensi on which is usei 
to reflect cba.tlges in ventricu.la.r size duri.Ilg diastole C 49) . 

A seconi appro.a.dlis to ca.lculate the rate of iilcrease in left 
ventricu.la.r d 1 mensi on d.uri.Ilg d:i.astole. A typica.l example is shown in Figure 
10. Measurements are made at multiple points d.uri.Ilg reJ.axa.tion am the 
velocity (or, in other wrd.s, the rate of cba.tlge of d.i.staDoe, dD/dt) at each 
point in time is calculated.. As shown in Figure 10, th1s measure is often 
1 rrlem:! -to the di.mensi on. '!his approach assumes a Uiliform ventricu.la.r 
geome W: y ani tlms is of llmi ted. use in the setti.Ilg of regiOilal. 
wall motion al:lc.ormal1 ties. 

Figure 10 
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A thil'd approach is to evaluate the rate of p::lSterior wall th1 nni ng, 
dhldt. Lastly, a wide variety of M-l'IIOdB derivei interva.ls,such as the rapid­
f11 1 1 ng perioi, slow f1 1 1 1 ng period, ani total. diastolic f11 1 i ng peric:ds , ba.ve 
been usei to evaluate diastolic function (50). The isovolumic relaxation tUte 
can be usei to assess ea.rly diastole ani is measure:i by simultaneous echo ani 
phonCY'.ardiography. One measures the time from aortic valve closure to mitral 
valve open:l.ng. The relaxation time 1n::i.ex (time from the minimum left 
ventricula.r dimension to mitral valve open:l.ng) is sim11ar but does not require 
the use of the phon.oca.rd.iogram to estahli sh time of aortic valve closure. It 
teix:!s to UIXierest:1ma.te the true isovolumic re.l.axation time. The rapid fill.i.ng 
time is define:i as the time between mitral va.l ve open.:1.:cg ani the point at 
which the norma.lize:i rate of lengt.b.eDiilg bas fallen to 5C% of its peak va.lue 
(51). An a.dditiona.l 1Idex: of diastolic function is the left atrial size . 
Smith (89) has danonstratai that there is a significant differecce in atrial 
size between patients w1 th. hypertension ani al tere:i diastolic function ani 
normal. controls. 

An important l1m1 tation of echoca.rd.iography in the assessment of 
diastolic function rela. tes to the difficulty in obtaining an a.deqiJate study in 
a significant number of older patients. 

D:lppler Echoca.rdiography 

More recently D:lppler echocardiography as emerge:i as an important tool 
in the evaluation of diastolic function (52). Doppler echocardiography is 
quite different than M-mode or two d1mens1ona.l echocardiography in that it 
measures "the velocity of blood motion ani not the structural d i mensi on of the 
chamter. Becallse of the fact that the now velocity between regions is 
relatai to the pressure differecces between those two regions, Doppler now 
velocities can be usei to make statements rega.rd.ing the relative pressure 
differecce between chamters. 

A typical Doppler tracing obta.1.nei from the left ventricle nea.r the 
mi tra.l valve is shown in Figure 11 w1 th. typical values g1 ven in the table to 
the right. It demonstrates now across the mitral va.lve during ea.rly ani late · 
diastole . The first peak is termai the E wave ani reflects ea.rl y diastolic 
events. The se:xm peak, the A wave, results from atria.l contra.ction ani can 
give some iDiica.tion of late diastolic events. 
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Figure 11 

HeDce, l:oppler offers potentia.l. advantages over measurement-l::a.sai M-m 
or two d1 mens1 ODaJ. echo tecbiliqUes. First, it is to a. signi.fica.nt d.eg'ree l 
CODStra.iilei by the geometric assumptiODS illvol. ve:i in the M-mcxie tecbiliqUes. 
Secord, it does DOt rEqUire the caJ.cula.tion of a. derivative. Tl:li1.rd., in the 
al:seilCe of reg'\n'gi tation, a. cba.Dge in left vec.tr1cula.r volume 1s rela.tai to 
the now across the mitra.l valve. Rokey (53) caJ.cula.tei the volume of now 
across the m1 tra.l ·valve on the basis of m1 tra.l valve area ani the velocity of 
now across the mitra.l valve ani showe:i a. good ccrrela.tion with 
c1 neangiogra.phy. 

SUl:sequentl y, Spirito (54) exam1 ned several l:oppler measurements ani 
fO'Imi a. good correla.tion between l:oppler ani radionnc11de measurements of 
diastolic funct:1.on. In pa.rticula.r, he fCUlX!. that the time interval from the 
a.ortic closure component of the secoiXl. heart SOUIXl. to the em. of the early 
d.1.astol.1o now veloc1 ty E peak correla.tei well w1 th the time interval. from 
em. -systole to the em. of rapid f1JJ1 ng a.s a.ssessai by ra.di onucJ1 de 
vec.tr1cuJ.ogra.pny (r-0.83). '!he descent of the l:oppler early d:i.a.stollc now 
velocity peak correla.tei well w1 tll the radionncJ ide peak f11 1 i ng ra. te 
(r-0.79). Also, theE to A ratio (ra.tio of the peak f111ing velocity early in 
diastol.e to the peak f11 1 i ng velocity la.te in diastole) ccrrela.tei w1 th the 
ratio of left vec.tricula.r f1 1 1 1 ng during rapid f1 1 1 1 ng ani during a.tria.l 
systole (r-0. '7'6). 

l 
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. Frie:hna.n (55) also exam1 pej the correlation l::etween !:oppler ani 
rad1 onucJide ventriculography a.m. foun:i the a.greeoent to 1::e geed if 1dentica.l 
varia.bl.es were compa.re:::l. (Figure 12). Comparisons with M-mcxl.e assessments have 
also shown a gocd correlation (56). 

Nuclear Magnetic Resonance Imaging 

Al tb.ough there have been no reports of the use of nuclear mgnetio 
resona:noe ~ in the evaluation of diastollo function, it bas been usei in 
the assessment of systo.llo £unction (57). It could potentially 1::e usei in the 
assessment of diastollo function in a ma:nner s1 m11 ar to radiOID,clide 
ventriculography if high framing rates can l::e obta.:l.Ile:i. 

Comparison of RadiOID,cJ jde Ventriculography a.m. I::oppler 
Ech.oca.rd1ography 

In summary, in compa.ring :COppler w1 th radi.OID'CJ 1 de ventriculography each 
method appears to provide reasonable, cl1nically useful information if 
performed. care£ull y. As outl.inai by Frie:hna.n, each method bas significant 
advantages a.m. disadvantages. Mvanta.ges of D:lppler include: C 1) the a.b1l1 ty 
to ees:U y compa.re rela.ti ve f111 j ng early a.m. late in diastole, (2) the 
excellent temporal resolution (typically, 5 mec) a.m. (3) the a.b111ty to 
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exam1 ne now on a. bea.t by bea.t basis in rea.l time. In add1 tion. it can be 
done repee.ta:Uy ani is portable. However, it is limited by the nee:i for a.n 
adequate acoustic wil:xiow ani the fact tha.t in some stu:ti.es it ma.y be difficult 
to d.eterm.:1.De tbe exact velocity of now because of spectral broaden1 ng . 

.Advantages of rad.iormc11de ventriculography i.Dclude (1) tbe fact that it 
measures counts which a.re directly related to volume, (2) tbe a.billty to 

. abta.in a. reJ1ahle assessrrent of systolic f'l.mction a.t tbe same time, ani (3) 
tbe lack of tbe nee:i for a.n a.coustic w1Ixiow. However, it is llm1 ted by (l) 
tbe need to administer the radioisotope, C 2) difficulty or 1 nahn 1 ty to 
empirica.Uy separate ea.rly from a. trial f~. ani (3) the nee:i for a. 
CODSta.nt RR interval for the duration of tbe study. 

Disadvantages of both techn1ques relate to the fact that they only 
measure volume charlges without kilowirlg the a.ssocia.ted pressure charlges. 
Clea.rly, as has been show. by Tsh1 da ani Yellin C 58) , factors such as the left 
atrial pressure can also affect the peak rate at which blood news across the 
mitral. valve. 

Cl1nical Coilii tiODS 

Normal 

Normal valueS for typical C]jnlCaJ. i.rdices of diastolic £\motion a.re 
show. in the APP""'<i1x. Interestiilgly, usiJ:lg Doppler ultrasouni, Reei (59) bas 
d.Em::lDstra.ted that the fetal heart in utero is less compl1a.nt than in newborns 
or adults. This f17Xl1ng is CODSistent with stu:ti.es in fetal lam1:::s (60) ani 
ma.y be related to differences in the relative distribution of contra.ctile ani 
non-oontra.ctile elements in the fetal myoca.rdium as compa.re::l with the adult 
heart. left ventricular f1111ng has been e:sram1nei in neooa.tes (61) using 
Doppler ecbocard1ogra.phy. Interestingly, there was no difference in peak 
ea.rl y diastolic f11 1 1 ng velocity between neona. tes ani adults. However. there 
was a difference in peak early diastol1c f1111ng rate (peak ea.rly diastolic 
f11J1ng velocity X Mitral valve area.) which correlated with the left 
ventricular volume. 'lllese data were felt to suggest that the relaticmship 
between peak early diastoic f1111ng rate ani left ventricular size was due to 
differences in mitral valve size ani not differences in peak mitral now 
velocity. 

Effects of aging 

It is ncw well esta.hl1 sh$1 that ventricular campl1anoe a1 ters with 
1.ncreasi.ng age ( 62,63, 64) . Using ecbocardiography, Manyari ani colleagues 
exam1pe1 elderly 1.rd1vid.ua.ls without evidence of organic heart disease or 
a.bccrmaJ. systolic f\mction. They fourn significant decreases in peak ani 
average f1 1 1 1 ng rate, increases in tbe duration of tbe rapid f1111ng phase ani 
tbe time to peak f1111ng rate, ani a.n increase in tbe atrial contribltion to 
ventricular f~. 'lllese cba.nges with age occurred in:lepen:ient of other 
pathologic processes such as 1sch.emic heart d:1.sease or hypertecsion ani were 
unrelated to differences in heart rate or systolic performance. 
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M1 11 er usei radiorn1c1 1 de ventriculography ani correlation aml ysis to 
exam1 ne factors 1n:fluero1 ng left ventricula.r £1 1 1 1 ng ani founi that there was 
a. strocg Dega.tive correla.tion between peak diastolic f1 11 1 ng rate ani age (r--
0.82, p<O.OC.Ol) (FigUre 13). In addition, they fOUIXi a. correlation between 
1.Dcreas1.ng heart ra.te ani peak flow rate (r-0.61). 'Ihe figures illustrate 
that tbe effects of age ani heart rate on peak flow rate a.re significant ani 
Deed to be taken into a.ocount 1n studies of pa tbologic con:ii tions. 
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It bas also been ootei that emu:ra.ooe athletes d.emcnst:rate alterations 
1n rapid ventricula.r f1 1 1 1 ng consistent With a. cbange 1n d1astollc function 
(65,ee,67). Colan exam1ne1 elite athletes with ani without evidence of 
hype:rti'Ophy by ~ogra.phy. 1ie founi that the peak rate of left 
ventricula.r d1mens1 on increase was greater 1n sw:l.lmners ani power lifters than 
1n control subjects. When the peak rate of dimens1 on increase was oor.na.lizai 
for em~lic dimension ani systolic function. diastolic function was 
IlOrma.J.. Interestingly, !:ouglas exam1 Psi a. group Of emura.ooe athletes without 
ilx::reasei chamber size who also sb.owei better than oorma.J. diastolic function 
1n terms of early to late left ventricula.r 1n:flow velocities. Reooe, it 
appears that the diastolic a.l:::lnorma.l.ities 1n patients with pathologic 
hyper ti'Ophy a.re unrelatei to differences 1n wall thicJrness a.lone a.n:i that 
tbere seems to be a. differeiJCe between the h~ seen with athletic 
tra.:1n1Dg ani that OCClli'I'ing with pressure or volume overload 1n disease 
states. 

F1 nkeJ her usei D:lppler echooa.rd1ogra.phy to compare oorma.l. controls With 
emura.ooe athletes. He founi the peak velocity of diastolic £11 1 1 ng ani the 
rapid f1 1 1 1 ng t:1Jne to be simi 1 ar 1n the two groups. However, they did fi.ni 
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that the A to E ratio a.tXi the percent contribltion of a.tria.l systole to 
diastolic f1 1 1 1 ng was lower in the tra.:1.De:i group. These data. a.re in 
contradist1Dot1on to the results seen in patients with hypertecsion (see 
below). The authors suggestei that because the total diastolic f1lli.:cg t1me 
was significantly longer in the athletes (due to slower heart rates) that 
there was more complete a.tria.l emptying prior to a.tria.l contraction so that 
the atrial component was less. 

Al teratiODS in f1 1 1 1 Dg bas also been descri.bei in weight lifters ( 68) . 
Pearson exam1 ned weight lifters a.tXi founi a. significant increase in myoca.rd1aJ. 
mass. However, s1 mi 1 a.r to eiXi.ura.DCe athletes, diastolic fu.nction appeared to 
be normal. except in those subjects who bad USEd a.na.bolic steroids heavily. 

'nl.ere is also a. relationship between the degree of left ventricula.r 
diastolic fu.nction a.tXi exercise tolerance C 69) . 

Hypei"troply 

Idiopathic h7Pertroph1c suba.ortic stenosis 

The topic of IHSS bas been exper:tl y reviewEd in this meeting 
recently by Dr. Ra.niy Lawson (70) a.tXi the reader is referred to that 
discuss1on. Briefly, it bas gradually emerged that a. significant portion of 
the symptomatology of IHSS ma.y be related. to a.ltera.tiODS in diastolic ftmction 
(71 , 72, 73, 74~. The effects of therapy have also been extens1 vel y eva.lua.tei 
(75) . Interesti.ngl y, severe a.bnorma.li ties of ftmction have been descri.bei in 
patients with limited. mild left ventricula.r hypertrophy (76). 

Aortic Stecosi s 

Another group of cons1dera.ble interest with pathologic h7Pertrophy 
is patients with aortic stenosis. Fifer (77) studie:i children a.tXi adults with 
ani wi tbout a.ortic stenosis using echoca.rd1ogra.phy. He founi that early 
diastolic f1 11 1 ng a.tXi wall thinning rates were significantly depressai in both 
children ani adults with a.ortic stenosis. In addition, the effect on 
diastolic ftmct1on appeared to be related. to age ani increases in systolic 
pressure. However, there was no relationship to systolic performance, ie, 
children with normal. or suprazlOrma.l systolic performa.ooe a.tXi adults with 
depressai systolic performa.ooe a.ll showe:i. a. depressai diastolic ftmction. The 
a.utbors concludai that h7Pertrophy itself' was the major dete.rm:Ula.nt of the 
change in ventricula.r f1111ng. 

'nl.ere a.re several. possible reasons that hypei: trophy itself' could 
lead to abnormal. diastolic function. First, considering the active portion of 
rel.azation, it is kilOwn that in mcxiels of ca.I'd1a.c h7Pertrophy the duration of 
intra.oellula.r calcium transport ani diastolic tecsion decay a.re prolonged 
(78). Secorrl, tJJ,ere is ev1decce that subeDioca.rd1a. ischemia. is present in 
these patients which would also a.lter active relaxation. Third, from the 
sta.Dipoint of both active a.tXi passive relaxa.tion, patchy flllrosis has been 
noted. in patients with aortic stel:lo6i s. This flllrosis could a.l ter recoll 
during both portiODS of relaxa.tion. Evidence of increased flllrosis has been 
noted. in the hearts of sponta.neousl y h7Pertecsi ve rats (79) . Interesti.ngl y, 
Hess (80)performed. left ventricula.r biopsies in patients before a.n:i after 
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surgery for aortic va.lve disease a.rd foun:i that there was significant fil:lrosis 
present both pre a.rd post surgery, a.rd, ·:Ul fa.ct, the rel.a.tive degree of 
f1.brosis il:lcrea.sai followi.Ilg surgery associa.tai w1 th a. dec11pe U1 left 
ventricu.la.r mass. In a.ddi tion, there was a.n iilc:reaSe U1 myoca.rd.1.a.l stiffness 
followiilg surgery, pa.ra.lleliiJg the rise U1 rela. ti ve interstitial fil:Jrcsis. 

Two a.dditior.a.l po:Ults rega.rd.:i.Dg studies U1 patients with aortic 
steiJosi s a.re of note. Oldersha.w ( 81) [ 1JSiilg echocardiogra.phy] exam1 nei 
diastolic f'uilction during exercise in patients followiilg aortic va.lve 
replacement. He foun:i that a1 though systolic ftmction was normal. a.t rest am 
with exercise a.rd the left veo:tricul.a.r f1 1 1 1 ng time was normal. a. t rest , the 
f1 1 1 1 ng time failed to show the _normaJ. drop with exercise. suggesting a. 
res1 dual. a.bilormal.i ty of di.astolic f1JJ 1 ng . Also , Hess ( 82) [ 1JSiilg 
ca.tbeteriza.tion] ex;ami oe"' the role of di.astolic function in pulsus a.l ternans 
U1 patients with aortic stenosis a.rd foun:i that alterations in di.astolic 
function did not a.ppea.r to pla.y a. role. 

Systemic h'ypertension 

The effects of h'ypertension on left ventricula.r relaxation bas 
been extensively evaluated (8:3,84,85). FOtiad was one of the first to 
recognize that there was a.bnorma.l ventricula.r rela.xa. tion in hypertensive 
patients (86) (Figure 14). 'Ihere a.ppea.rs to be U1 most studies a. correl.a.tion 
between the ~ease U1 myoca.rd.1.a.l mass a.rd the degree of dysfunction 
( 87. 88, 89) . Al tera. tions m di.astolic function ba.ve been. d.emonstra. ted .by 
doppler ecb.ocaxdiogra.phy U1 even mild hyperteosion (90). Smith (93) foun:i 
that U1 patients with h'ypertension without a.n il:lcreasai myoca.rd.1.a.l mass that 
there was evidence of a.bnormaJ. diastolic function U1 terms of a. prolonged 
isOvolumic rela.xa.tion time. It bas also been. shown that there is a.n 
imprOvement U1 fill 1 ng that occurs with the reduction of mass w1 th therapy of 
essential hypertension C 91) . 
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This effect in the elderly with hype:rteDsion bas been specifically 
de:scr1l:lei (92). However, tb1s raiseS a. significant ccmcern. It bas been 
clearly d.emoDstra.tei ·Cas :cotei ab:Jve) that tllere is a. S"troDg correlation 
between a.J.tera.tiocs in d.1astol1c ful:lction a.td age. Many early sttxUes of 
d1astolic fui:lction in hype:rteDsion did :cot iilclude a.pprtJpria.te agEHna.tcba::l. 
controls, mak1ng it difficult to be oerta.:1.n that the effects seen were :cot due 
to age a.J.one. In fact, in mild hype:rteDsion us:I..Dg age corrected data., Gad1n 
was 'IJilabl.e to d.e:ualstra.te a. sigilificant d.iffereiJOe in peak mitral now 
velocity ea.rly in d.iastol.e as oompa.re:i to controls. He fOUDi only the 
tra.DS!IIitra.J. la.te d.1astol.ic now velocity integral. to be oorrelate:i with left 
ventricular mass. With age ma.tcba::l. controls it was poss1 hJ e to demol:lstra.te 
d.iffe:retlCES as a. d1mjp1 shed rate of deceleration of ea.rly diastolic 
tra.DS!IIitra.l now ani a.n 1ncrease:i early diastolic deceleration time a.rd late 
d.1astol.ic now time. 

This effect bas a.J.so been :cote:i in oh.iJ.dren with systemic hype:rteDsion 
(93) using Doppler eoh.ocardiogra.phy before the a.ppea.ra.nce of the development 
of systolic function a.b:corma.l1 ties of left ventricular ~. The fact 
that these changes can be deteote:i in young patients suggests that they a.re 
oha.nges with hype:rteDsion in:iepement of age, hea.rt rate systolic function, cr 
left ventricular loading oon::!.1 tions. 

~ Heart Disease 

'llle fact that ea.rly relaxa.tion is a.n energy requiring process 
would suggest tha.t d.1astol.ic £\mction would be secs:itive to the preseooe of 
1...crchen1a. It bas long been appreoia.tei tha.t a.J.tera.tiocs in relaxa.tion occur 
early in the setting of 1schen1a a.td preoeie the appearance of ab:corma.llties 
of contra.otion (94, 95,96, 97,98) . 'llle potential mechan1 sms in i...crchenia a.re 
shown in Fig'Ure 15. 
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First, ill hypax1.a. there 1s 1 nh1 hi tion o£ the uptake o£ ca.lcium by the 
sarcopl.asm1c reticulum ani impa.ire:i detaChment o£ force generating sites 
between actin ani myosin. The delayed. 1Ilactivation would d1m1n1sh load 
depenience. 

It bas been d.emonstrate:i tha.t :L..C!Chem1 a due to total. occlusion ani tba.t 
due to pa.rt1a.1 occlusion bave different effects on diastolic flmct1on (99) 
(Figure 19). Myocard.iaJ. 1schem1a assooiate:i with pa.rt1a.1 occlusion ani 
iilcreBsed oxygen demam deoonstrate:i an upward shi.ft ill the pressure-segment 
length rela.tionsh1p which was associa.te:i with an iilcrea.se in the stiffness in 
the 1schem1 c region. In the sett:Lng o£ total. occlusion, the pressure-segment 
length rela.tionsh1p was e1 ther UDal tere:l or shi.fte:i down. .. 
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Several add.i tiOila.l points were note:i in this study. In examining the 
pressure-segment length rela.tiODSbips 1 t was apparent tha.t the diastolic 
tu:cct1on. was significantly af£ectei by the alteration in systolic f'ul:lction. 
I£ there was little cbange in systolic fuilction, then the diastolic fuilction 
curve was d1spla.ce:i upward. I! the systol.ic t'lmct1on deteriorate:i, the 
diastolic curve was shi.fte:i up ani to the right. I£ there was severe systolic 
dysfuilCt1on, the curve was sh1.fte:i borizon.ta.lly to the right 
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With total. coronary occlusion, there is systolic bulgizlg of the ischemic 
segment which leads to a. right and. downwa.t'd shift. Grossman bas suggeste:l. 
several. potential mechan1 sms: First. w1 th total. 1scbem1 a. there is no systolic 
cross bridge formation, heDce, there is no Ileei for rela.xa.tion. SecoD:i, in 
1..c:chem1 a. w1 th 't;Ota.l. occlusion there is a.ocumula.tion of ~en iOilS which is 
k:Down to protect aga.i.Ilst hypoxia. in:iuoai iilcreases in diastolic rest:illg 
tecsion. Third., there is data. to suggest that the effect of hy:pox1a. is most 
severe in the ra.Dge of mcd.era.te hypaxia. (pJ 1c:o-300 mmHg) as campa.ra:l. to the 
severe hypax1a seen in total. occlusion. ~y, repea.te:l. stretcb. my prevent 
a.n 1.:cc:rease in diastolic sti!flless by preventi:cg the fqrma,tion of rigor l::x:m:l.s. 

It has been demoilstra.te:l in a.n an1ma.J mcdel that vera.pamil does a.lter 
the effects of pa.c1.lJg in:iuoai 1..C~Chen1 a (lOO) . 

In a.n interest:illg study Fujil::a.yashi (101) exam1 nei the effects of very 
brief corona.ry occlusion (l-2 m:iJ:nlteS) on systolic and. diastolic :f'tlnction. 
After occlusion, systollc :t'lmction retllrilei to no:rma.l in s to 10 m:iJ:nltes 
followiiJg l m:iJ:nlte of occlusion and. 20 to 30 m:iJ:nltes following 2 m:iJ:nltes of 
occlusion. Inte:rest1.:cg'ly, the recovet2 times for d.i.astOllc £unction were 
considerably longer: 60-75 m:iJ:nltes following a l m:iJ:nlte occlusion and. 90-105 
m:iJ:nltes following a. 2 m:iJ:nlte occlusion. Nifaiipine adm:i.nisterai duri.ng the 
peric:xi of occlusion retnce:i the tii!Ie f,or recovery of diastolic fuilotion to lQ-
15 m:iJ:nltes. When nifaiipille was begun prior to occlusion the sul::sequent 
recovet2 was very rapid, i.e., 1-2 m:iJ:nltes. 

'Ihe reasons for the very rapid illlprovement w1 th preocclusion 
Mmj n1 st:ration of nifaiipine a.re unclear. It is pos-s1 h1 e that nifaiipine 
leeds to a. reiuotion of ca.lcium a.ccumula.tion in the cell duri:og the peric:xi of 
occlusion and. reperf'usion. 

In addition, Cannon (102) has descr1l:ei a. group of patients with no:rma.l. 
ep1card1a.l COl'Ol:la.I'Y arteries but w1 th. a.bcormaJ. va...c:cd1 1 a tor reserve a.n:i 
demonstrate:l impa.i.rai left ventricula.r f11 1 1 ng a.t rest s1 mi 1 a:r to some 
patients with coronary artery disease and. no:rma.l. left ventricula.r :f'tlnction. 
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Coroca.r7 qiopJ..asty 

'Ihe ad:vetlt of coronary qiopJ..asty (~) bas prov1dai a. mea.DS for 
exam1 p1 ng the effects of aJ. tera.tiOilS in corona.ry now in man on left 
ventricula.r function. In an interesting study, Eonow (100) examinei the 
effect of ~ on globa.J.. am regiona.l diastOlic function in pa.tien.ts with 
s:!..ngle vessel coronary diseaSe. '!bese pa.tien.ts had normal ejection fractions 
am regionaJ. systolic £'unction but a.l:::n:lormaJ. globa.l am regiona.l diastolic 
function a.t rest. Follcw.tng a.ngiopJ..asty, there was no change in ejection 
fra.ction or regiona.l systolic f'uilction a.t rest but there was an i'!!!l!l811ate 
.illlprovement in globa.l am regiona.l diastOlic function. Examining the regiona.l 
time a.ctiv:ity curves (Figure 18) they foum tba.t there was a. regiona.l 
asyilChrony in diastoic events tba. t was improvei w1 th ~. 'Ihe a.uthors 
suggested tba.t the al::IIl.ol:mality in diastOlic flmction could result from the 
asyi]Cbrony of regiona.l diastolic f'uilction as a. result of ischemia. am, hence, 
was ra.pidly revers:l.ble. 

-
Figure 18 
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Wijns am colleagues (104) ba.ve exami nei the effects of acute coronary 
occlUSion during ~ on. left ventricula.r stiffness. They founi tha.t 
tramient a.brupt coronary occlUSion of 20 or more secon:is ca.usai significant 
i.ncrease in regiona.l chamter stiffness. In addition, there was a. rise in 
glal:al stiffness in those pa.tients in whom the left anterior descerding 
COl'Oila.l"7 artery was occluded, p:roba.bl. y re:fleotiDg the extent of the 1.schem1 c 
bed. When measurements were repea.te:i 12 mi.nutes followi.Ilg the occlusion, the 
measures of regiona.l diastolic function were still al::lcorma.l, while measures of 
glal:al ftmction were still slig'htly elevated. 

In addition, I..ew1s (lOS) bas described an .illlprovement in diastolic 
£u:cction during exe.rc1se follow.Ulg ~. 
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Post ~ surgery 

Revascula.riza.tion has been reportai to imprOVe iniices of 
diastolic f'uDction ( 1CS) . However, in same patients persistent eleva. tions of 
e:o:i diastolic pressure ani decrease in pass1 ve d.isteilS1.b1l1 ty rena-1 nfrl 
OODSistent with presumed f1brosis or other ohronio structural changes. 

Other ooni1 tions 

As mi~t be pre:lictai, measures of diastolic fuilction ba.ve been fotmi to 
be abcorma.l in a. variety of ooniitiODS assooia.tai with infiltration of the 
myoca.rd1um. It appears that a.bcormallties of diastolic £\mction appear early 
in the COUl'Se of amyloidosis ani ca.n be quite severe before evidecce of 
systolic dys£\mction is present (107). c:haga.s d.1sease leads to regiona.l 
e:leme., inf'J.amma.tory infil tra.tion, destruct1on of fibers, ani eventual 
f1brosis, which leads to alterations of d1astolio :function early in the course 
of the d.1sease (108 ,100) . 

In FriErlreich' s a.tax:l.a. patients develop a. hypertrophic cardiomyopathy 
a.ssoci.a.tai with a.bcorma.l. diastolic £\mction. Interestingly, casa.zza. (110) 
foum that they did not 1mpr0Ve on vera.paJ1111, suggesting that fibrosis in 
these patients ma.y play a.n important role. 

lee c 111) exam1 pej diastolic flmction in adr1amycin ca.rdiotoxici ty ani 
foum tba.t average early diastolic f11 1 1ng velocity by radiormclide 
ventricul~a.phy was depressei at relatively low doses of adriamycin Cas low 
as 166 ~/m ) prior to the developnent of systolic a.brlormallties. 
Interestingly, this correlates with the f1 m1 ng of histologic changes in 
biop:31es obta.:i.rlai in tba.t same dosage range. 

Gel:lera.ll y, congestive ca.rdiomyopa. thy is cons1 dered a.n a.brlorma.li ty of 
systolic flmction a.rx1 it is assumed that the hi~ ventricula.r fill..Ulg pressure 
is a. conse::ruence of 1mpa.1rai ejection of blood. leacllilg to a.n increase in ern 
diastolic volume, dlla.tion of the chamber, ani a. rise in puJ.:moDary vecous 
pressure. Clearly, there a.re concam1ta.nt alterations in diastolic fuilction 1n 
these patients a.rxl that the systolic a.rx1 diastolic a.brlormallties are "coupled" 
(112,113,114,115,116). 

Ma.Dagemen.t 

The IDa.Dagemen.t of a.bnormall ties of diastolic flmction should reasona.bl y 
be based on a.n un:iersta.ni1ng of the un:lerlying pathologic precess. Renee, if 
there is a.n a.bcormall ty in loa.ding, then a.n al tera.tion in the loading 
ooniitiODS should imprOve the hemcxlynamics. If there is primarily a.n 
a.bcormal.1ty in iDa.ctivation, then intervec.tiODS to reduce ca.lcium loading or 
the eilergy status of the cell ma.y prove to be useful. Fina.lly, if there is a. 
structural al tera.tion of the heart with scar or loss of the mecha.n1 ca.l basis 
of elasticity, then there is presently no intervention availa.bJe for our use. 
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ca.J.c1um-Entry Blockade 

Clee.rl y, many pba.rmaCOlogic :1J:ltervelltians have effects on multiple 
aspects of the mechan1 sm. In pa.rtioula.r, ca.loium antagonists aJ. ter ca.loium 
load1~ but a.1so lead to a.ltera.tians :1J:l loa.d.ing OOIXlitians, oon-llili.formity of 
reJ.aD.tion, ani ooroca.ry now which ma.y :1J:lteract :1J:l a. complex ani 
unpre::liota.ble wa.y :1J:l different patients. 

Wa.lsh (117) bas recently rev:!.ewe:i the multiple effects of ca.loium-ent:7 
blockade on diastolic funotion. It is kilown that a. re:iuction :1J:l oytosolic 
ca.lo1um can lead to an ;Ux::reasei oa.loium-tropoilin b1 n=l1 ng :1J:l the myof11 aments 
(118) ani tbat oytosollc ion1 zej, ca.loium is necessary for the sa.rcoplasmic 
membrane ca.loium ATPase belleve::i :cecessa.ry for oa.loium se:ruestra.tion a.n:i load­
in:iepeD:ient i.nacti va. tion of contraction C 119, 119) . Hence, one wuld suspect 
tbat ca.loium-entry blCXJkade wuld re:iuoe oytosollc oa.loium ani diminish l:ot."'l 
1Ilaotiva.tion-<iepeD:lent rel.aD.tion ani oontra.otion. In the :1J:lta.ct anim9.l t."le 
effect on the t:IJne oonstan.t of left ventrioula.r pressure decay bas 1::een. 
d.emonstra.te:i for each of the major olini.oa.l ca.loium-entry blockers (Figure 
19). 
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Figure 19 

When the agents a.re g1 ven :1J:l equ.idepressa.nt doses there is impa.i.re:i 
rela.xation as shown. Oc. the other ha.Ixi, equihypotensive illfusions lead to 
augmec.te:i rela.xa.tion with nife:iipine ani little change with dllti.a.zem a.n:i 
vera.pam:U. Interesti.ngly, the effect of nife:iip:Ule could be blocked by 
nonselective beta. blockade. Hence. it appears that oa.loium-entry blockade ma.y 
direotl.y :1JDpa.1.r norma.l left ventrioula.r rela.xa.tion. However, the impa.i.red 
ra.te of rel.aD.tion prcd.uoe:i by the oa.loium blockers :1J:l norma.l tissUe can be 
reversei by the reflex sympathetic stimula.tion ani a.fterload re:iuction 
assoo1a.te:i with the use of these agents. 

30 



In tbe setti.Ilg of ischenia., the results a.re mixe:i (120). In different 
ill ntro mc:x1e1 s different effects a.re seen (119). I.orell (121) foum tba.t 
:ci.f'siipiJ:le improved measures of diastol.ic CCIIIpliazJc:e ill patients w.i th pac1.Ilg 
1mucert a.Dg1.rla.. Reooe, multiple effects ma.y be pla.yi.Dg a. role, as shown ill 
Table 2. 

Table 2 

PoteDdiU e«ects a( c:alciu~~~-a~cry blockade Qfl vmll"icular 

reluuioa 

Direct etfecu 
Normal myoc:ardium - impair" 
HYJ,'OxiC myocardium - imp~ 
lscbemic myOQnlium- augment in vuro." in vivo unclear'' 

H~pilied myocardium- unclev 
H~pllic cardiomyopathy - unclear"'· .. 

tDdiRa etfecu11 

lnqlroved systolic loadin! - Ul!meDt 

Rcdcx sympallletlc sumulauon - au!ment 
lm!:'roved coronary blood/How - au!JDent 

'!be reportai effects of ca.lcium-entry blockers on the passive elastic 
di.a.stol.1c properties have 1::een va.ria.ble. Ludl:xrcclt (122) d.elooDstratei a. 
downward d.1.spla.cement of the pressure volume curve ani a. dec1 1 ne ill right 
ventricular pressure ill patients with mildly d.epresse::i left ventricular 
function. '!he effects ill patients w.i th hyp:::t trophic ca.rdiomyopa.thy have been 
va.ria.ble (123, 124, 125) . However, studies tba.t shew a pcs1 ti ve re:spcmse 
ill:iica.te a. downward d1.spl.acenent of the pressure volume relationship. '!he 
fact tba.t there is a downward d1.spl.acenent w.itllout a cha.Dge ill the rate 
COilSta.nt raises the poss1 b111 ty tba.t these shifts are prima.rily due to change.;; 
ill the E!l!:terl::la.l constraints to left ventricular f1 1 11 ng- ( i. e. , drug' i..Iliuced 
cha.Dges in right ventricular f1 1 1 1 Pg' in the presence of the pericardium) am 
not intr-Ulsic cha.Dges in the muscle elasticity. 

Inotropic agents 

'!he effects of inotropic agents on diastolic .f'w:lction have been 
1llvest:1.g'atei by a. IIIlJIIber of group.c3. C'.a.rroll (126) examined the effects of 
dcpam1Ile ani dobu.tamine ani foun:i tba.t these agents enhancert ea.rly diastOlic 
d.1stens:1..b1l ty by accelerating' rel.a.xa.tion, augmenting' f11 1 1 Pg', ani re:iuc:ing' 
em-systolic ®amber size, but in some cases actually cause:i a rise ill em 
d1astollc pressure. Nitropruss1de, in comparison, lei to a. fall ill ill left 
ventricular em diastolic pressure w.i tllout a. cansisten.t cha.Pg'e in rel.a.xa.tion. 

In a. study of patients trea.tei w1 th milriilcne (127) , there were clear 
cba.Dges in d.1.astollc function which could not be a.ccounte:i for on the :t:es1.s of 
cba.Dges in peak left ventricular pressure or cPang'es in puJ..moDa.ry cap:llla.ry 
wedge pressure. In a.n1 ma.J mc:xleJ s there is preJ 1 m1 nary evidence tba.t milrinone 
sborteDs the duration of tension ani i.nCreases the concentration of cyclic-
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1-l!P, lead1 ng to a fa.Uure of sa.rcoplasmic reticulum ca.lcium uptake. However, 
a. recent study using a si m11 ar phOSphodiesterase 1 nh1 hi tor, eoox::1..Ioone (128), 
shDwe:i no difference from the pressure volume relationships seen with 
Di tropruss1de. The pressure volume curve was d1spla.cei cio'.rmwa.rd. in the case 
of each drug, suggestirlg tba. t the change resulted in part from a re:iuction in 
exterDaJ. factors a.n:i not intrinsic changes in myoca.rd.1aJ. stiffness. 

CoilOlusion 

Me:iiciile bas made significant strides in the IIBilB€ement of a.bnorma.li ties 
of systolic function of the heart. Adva.ooes in our UIXierstarcli ng of 
ventricula.r loading a.n:i the development of new unloading a.n:i inotropic agents 
have allowei us to sul::sta.ntiall y 1:mpr0ve pa. tient care. However, w1. th the 
improvement of our Ina.Ila.g'ement of a.bnorma.li ties of systolic function bas come a 
greater recogn1 tion of the importance of diastolic phenomena in many clinica.l 
coa:iitions. As the tools to evaluate diastolic function in ma.n improve, the 
cba.llenge will be to devise interventions which can correct these 
a.bnorma.li ties of diastolic function. 
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