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V~ntricular Hypertrophy: Advantages and Consequences 

Myocardial hypertrophy is the adaptive response .to sustained increases 
in ventricular workload . The workload stimulus provoking hypertrophy may be 
either a chronic increase in ventricular volume (aortic or mitral 
regurgitation, arteriovenous fistulae) or ventricular afterload (systemic 
hypertension, aortic stenosis). Hypertrophy may also be provoked by humoral 
substances such as catechol amines, the renin-angiotensin system (Grossman et 
a 1 . , 1983), thyroid hormone and copper, iron and thiamine deficiency (Maron 
and Ferrans, 1978) . Myocardial ischemia (Bl oor, 1978) results in hypertrophy 
of the nonaffected myocardium, and finally, hypertrophy may be genetically 
determined, as is the case in idiopathic hypertrophic cardiomyopathy. The 
element in common among all of these forms of hypertrophy is an increase in 
the mass of the affected ventricles which is accomplished by increase in 
myocyte size rather than number of myocytes, and the functional progression 
from adaptive advantage to eventual failure. In addition to an increase in 
myocyte size, there are increases in other elements of myocardium including 
fibrous tissue and vasculature. Proliferation of these elements may vary 
strikingly depending upon the stimulus to hypertrophy. For example, when 
hypertrophy results from excess thyroid hormo ne, there is evidence that new 
vascular elements are formed thus maintaining a normal relationship between 
volume of myocytes and volume of capillaries and that collagen synthesis is 
not increased. In contrast, when hypertrophy results from pressure overload, 
there is limited vascular proliferation and capillary density decreases 
relative to myocardium (Marcus et al., 1983b ; Tomanek et al ., 1986) while 
collagen remodeling is extensive. Myosin isoenzymes in hypertrophied 
myocardium may also vary dependent upon the stimulus to hypertrophy. 
Pressure-overload in the rat is accompanied by a shift to isoenzyme V3, a 
slower activity form of the enzyme (t·1ercadier et al., 1981). Thus, 
ventricular hypertrophy is a process of considerable tissue cellular and 
biochemical heterogeneity rather than a simple quantitative process - there 
are substantial qualitat ive changes associated with myocardial hypertrophy. 
While, in general , myocardial hypertrophy has the adaptive advantage of 
maintaining normal cardiac output in the face of a sustained increase in 
workload , this is accomplished at considerabl e biologic expense. The 
disadvantageous consequences of myocardial hypertrophy are extensive and 
interact in a negative synergistic fashion with other common forms of heart 
disease. 

Of the many forms of hypertrophy, the most frequently encountered in the 
clinical setting is that resulting from increases in afterload such as 
systemic hypertension or aortic stenosis. The remainder of this discussion 
will be confined to a discussion of the structural, functional, electro
physiologic, and coronary vascular alterations associated with compensated 
pressure-overload hypertrophy, thus, stressing a third important concept - in 
the setting of the functionally compensat ed hypertrophied ventricle, (hyper
trophy prior to the onset of failure) biologic advantage and deleterious 
consequences are temporally coexistent. 
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ANATOMIC CHANGES. 

Left ventricular hypertrophy is defined as a left ventricular mass in 
excess of 500 g (norma l <3 50) . In response to pressure overload, prompt 
acceleration of protei n synthesis and inhibition of protein degradation occur 
(Gordon et al., 1987; Morga n et al., 1986) resulting _in a net increase in 
myocardial mass. · 

Figure 1. 

~ 
LV PRESSURE 117:t7/IO:tl 226:t6./23:t3• 138:t 7/23:t2• 

(mmHg) 

LVMI 71:t8 206:1: 17. 196 :t l7. 
(gm/m 2 ) 

LV WALL 8.2:1: .6 15.2:t .9· . 10.6:t.5 
. 

THICKNESS 
(mm) 

h/R .34:1: .03 .56 :1:.05* .33:t .02 
CTm ( 103 dynes /cm2) 

PEAK SYSTOLIC 15 1:1:4 16 1:1:24 175:1:7 
END DIASTOUC 17:t2 23:t3 41:t3• 

•pc.OI 

~lgure I. Left ventncular (LV) pressure, left ventncular mass index 

(LVMI). wal l thickness. rat io of wall thickness to rad ius (h/R) at end 

d1astole. and meridional left ventr1cular wall stress {am} in patients with 

normal hearts compared to ~those with ch ronic left ventncular pressure 

overload or volume overload. Only patients wi th chron1c left ventncular 
pressure or volume over load who were we 11 comoensa ted and had no depress 10n 

of systolic function {LV eject i on fraction) '«ere included. (Grossman et 

al.. 1983). 

The particular geometric remodeling of the ventricle is a very sensitive 
indi cato r of the nature of the stimulus to hypertrophy. Wall thickness i s 
accomplished at the expense of cavity area in pressure overload hypertrophy. 
Thus the ratio of wall thickness to cav ity radius (h/R) is increased 
(Grossman , 1983) in pressure overload hypertrophy but preserved i n volume 
overload. Trabeculae carneae and papillary muscles also enlarge (Gould , 
1968). Lengthening of the le ft ventricular chamber is prominent, so that the 
papillary mu scles appear to arise nearer the MV orifice and the MV orifice, is 
tilted in a plane such that it i s nearly parallel to the AV ring (Bloor, 
1978). 

Hutchins et al. 
develops to meet the 

(1978) have suggested that the shape of the heart 
needs of efficient filling (diastole) as well as 
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efficient ten.sion development and ejection (systole) ·. The prolate ellipse 
shape of the l.eft ventricle is a compromise shape between the thin-walled 
sphere (most efficient geometry for diastolic filling) and a s imple tubular 
structure (most efficient geometry for systolic pressure development). The 
heart hypertrophying in response to pressure overload both elongates and 
develops thicker walls thereby becoming more tubular. 

Figure 2. 

c 

~ Diagram of poss1ble ventr1cular shapes. all w1t h the same i nlet

outle t port. A, a sphencal ventncle would require the least expenditure 
of energy for diastolic filling. B. a nearl y conical ventricle would be 
more efficient for systole Oecause the curvature of muscle cells is 
increased allowing a greater transfer of the energy of contraction to 
inc reas1ng intracav i tary pressure. C. the prolate hemischero1d i s the shape 

that would mm 1mi ze the sum of energy expenditures in d iastole and systole 

and is al so the shape that rr:ost closely resembles the nonn.al human left 

ventncle . (Hutchms et al . • 1978). 

Normal systolic wall stress (force· per unit cross -sect ional area of 
myocardium), (Grossman et al., 1975) and contractile efficiency are 
maintained; however , diastolic filling efficiency is compromised. 

Changes in cellular architecture accompanying pressure overload 
hypertrophy are summarized below, next to the corresponding elements of normal 
tissue . 
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Figure 5. 
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BASIC UNIT 

NORMAL MYOCARDIUM HYPERTROPHIED MYOCARDIUM 

MYOFIBER 

Individual myocardial cell 10-20 u 
diameter, 50-100 u length-myocytes are 
branching striated cells connected to 
to other myofibers by intercalated 
discs . Interercalated disc s join 
cells together and provide a special
ized area for facilitation tra nsm i s
sion of action potentials. 

Increased size particularly in the 
transverse diameter (20-60 u) rath
er than longitudinal dimension with 
considerable cell to cell size 
variability . Tortuosity and multi
plicity of intercalated discs which 
are thought to be preferential 
sites of new sarcomere formation 
during cell enlargement. Overall 
during compensated hypertrophy, the 
or ientation of individual myofibers 
remain relatively normal. 

SuBUNITS 

MYOFIBRILS 

Contractile unit 
meres arranged 
parallel. 

composed of 
in series 

sarco
and in 

Early in pressure overload hyper
trophy, increases in myofibril size 
occurs by increasing the numbers of 
sarcomeres in parallel. However , as 
cellu lar enlargement progresses in
creases in myofibril number occur . 
Over time, the organi zati onal pat
tern of sarcomeres making up myo
fibrils may become less ordered. 

SARCOMERE 

Basic contractile unit consists of 
interdigitating thick (myosin) and 
thin (actin) fibers. The boundary of 
each sarcomere is the Z band which is 
the site of insertion of the thin 
(actin) filaments. Thin fibers are 
also the sites of proteins which regu
late contracti on such as troponin and 
tropomyosin. 

-8-

Increase in number of sarcomeres 
with some disarrangement of sarco
meric units. Sarcomeres in pres
sure overload hypertrophy are added 
in parallel rather than in series 
as is the case with volume over
l oad. Aggregated Z band material 
is often present in hypertrophied 
cells. This material is thought to 
be the site of attachment of new 
sarcomeres . But, excess Z band 
materia l may also be the product of 
di sruption of myofibrils. 



MYOFILAMENT$ 

Bundles of contractile protein fila
ments consisting of myo sin (thick 
filament - forming the A band of the 
sarcomere) and actin (thin filament 
forming the I ·band of the sarcomere 
attached to the Z band). Cyclic ca++ 
dependent crossbridging of these pro
tein filaments produce muscle shorten 
ing. Troponin and tropomyosin, pro
tein regulators of cyclic actin-myosin 
cross-bridging are located on the 
myofibrils. 

Early in hypertrophy, all myofila
ments increase in number. Late 
with cellular degeneration result
ing from long standing hypertrophy, 
there is selective loss of thick 
(myosin) fibers with aggregations 
of thin fiber material. 

MITOCHONDRIA 

Site of ATP generation in normal 
myocardium occupy about 20-30% of the 
cell volume. Generally closely op
posed to myofibrils and sarcolemma. 

Large, early (within 20 hours of 
imposition of pressure load) in
crease in mitochondrial volume 
fraction relative to myofibril 
volume fraction with return to nor
mal ratio during stable hyper
trophy . However, late in hyper
trophy , the volume ratio of mito
chondria to myofibrils decreases. 
Size heterogeneity is typically 
present. 

SARCOLEMMA 

The cell membrane controls the ionic 
composit ion of the cell and maintains 
electrochemical gradients. Contains 
ion channels for act i on potential 
generat ion as well as receptors for 
neurotransmitters and hormones. 

Increases with hypertrophy, however 
membrane - electrical capacitance is 
decreased suggesting that newly 
formed membrane may not be func
tionally normal . 

T-TUBULES 

Transmission of ion current-generated 
action potential from the sarcolemma 
to cell interior where ca++ necessary 
for contraction is released. 

- 9-

Increased in area proportional to 
the increase in cell volume : The 
relative proportion of sarcolemma 
toT-tubule system is decreased. 



SARCOPLASMIC RETICULUM 

Site of cyclic ca++ uptake and release 
necessary for coupling of electrical 
excitation to mechani cal contraction 
and relaxation. 

Increa ses proportionately to th e 
cell volume increase so that normal 
ratio is preserved. 

NoN MuscLE CoMPONENTs 
COLLAGEN 

Provides structural support , as well 
maintenance of cellular alignment . 
Fi ne collagen fibrils are generally 
found in and around myofibers . 

Figure 6. 

Collagen content and distribution 
increases slowly relative to other 
ce l l components . In compen sated 
hypertrophy of 4-88 weeks duration , 
collagen is increased by 4 weeks, 
then rema i ned stable for up to 88 
we eks. At 4 wee ks , heavy collagen 
fibers replaced thin fibers . By 
35-88 wee ks , fine fibrils reappear
ed but den se collagenous septae 
were also present. At this stage 
cardiac output was preserved, and 
no necrotic changes in myocytes had 
appeared. Of interest both sys
tolic and di astolic function were 
normal . Collagen remodeling is a 
slow process which then stabi lizes 
for long pe ri ods of time. 

~ S::hematic repres enta tion of the collagen ma tr ix of the prima te 

left vent rt cle. Groups of myocyt e s formed by collagen weave , are termed 

myofibers. Myofibers are connec ted t o one another by strands of co llagen, 

whe reas myocy te-t o-myocyte connect 1ons and myocyte and their adjacen t 

captll ar·tes are JOtned by str~ts of collagen. (Weber et al., 1987} . 
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VASCULATURE 

Capillary density in normal myocar
dium is 2 to 5 x 10 5 capillary per 
mm 2 myocardium. Normal capillary to 
myofiber ratio i s 1:1. 

Capillary vo_l ume does 
with the increase in 
mass . Capillary lumen 
length) selectively 
Intercapillary dis t ance 

The end stage of hypertrophy with degeneration consists of : 

not increase 
myocardial 
(but not 
increases . 

increases . 

1. Loss of contractile elements, preferent i ally thick filaments 
(myosin). 

2. Loss of spec i alized areas of inte rcellular contacts . 
3. Interstitial fibrosis. 
4. Preservation of other cell organelles (nuclei, mitochondria) despite 

loss of contractile elements. 

Specific disease entities have been more frequent 1 y associ a ted with 
hypertrophy with or without associ a t ed degeneration . Thus, it has been found 
that combined aortic stenosis and regurgitation was more likely to be 
associated with degenerative changes than pure aortic stenosis in which 
hypertrophy without degeneration was more likely. However, the authors point 
out that the timing and reason for surgery in these two groups are different; 
thus, it may not be possible to conclude that the type of hemodynamic burden 
determines whether or not degeneration occurs (Anversa et al. , 1978 ; Anversa 
et al., 1976; Anversa et al., 1986 ; Bishop, 1983; Bloor, 1978; Braunwald et 
al., 1988; Ferrans, 1983; Goldstein et al ., 1974; Gould , 1968; Jones and 
Ferrans, 1980; Legato , 1973; Marcus , 1983; Maron and Ferrans, 1978; Pearlman 
et al., 1981; Rakusan et al., 1980; Schaper et al., 1974; Weber et al., 1987; 
Weber et al ., 1988) . 

MECHANICAL fUNCTION IN HYPERTROPHY 

CLINICAL FINDINGS 

Clinical studies of contractile function in hypertrophied myocardium are 
complicated by several important variables: 1) the duration and severity of 
the increased workload, 2) the adequacy of the hypertrophy response, 3) age of 
subjects, 4) the presence of other concomitant pathologic processes such as 
.coronary artery disease, or unrelated cardiomyopathies, 5) the effects of 
sympathetic influences in the reflex intact subject, and finally 6) peripheral 
adaptive changes. 

Overall, in patients with hypertrophy from hypertension (Takahashi et 
al . , 1980) or aortic stenosis (Huber et al., 1981; Spann et al .. , 1980; Levine 
et al . , 1970; Simonet al ., 1970) there is a spectrum of function ranging from 
supernormal to congestive heart failure. In the absence of congestive failure 
however most indices of ventricular function are normal in adults or even 
above normal in children (Assey et al . , 1987) . One key element in the 
preservation of normal function appears to be the preservation of normal wall 
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stre s s . Wall $tre ss i s the force per unit cross- secti'onal area of myocardium 
(dyne s/cm2 myocardium). 

crm7T ( R~-RfJ= P1rRf 

crm = PRjl2h(l +h/2Rj) 

Fi gure 7. 

F1oure 7 . Oiagrarrmat1 c r epre se nt a tiOn of an Idea l i zed LV 

chamoer 1n corona l section, look 1ng from the f r ont (left) 

and above (r>ght) . \/al l th>ckness (h) . inner r adius (Ri). 

and ou t er radws (R 0 ) are reou1red to calculate mer1diona l 

wall stress (om). Hn s 15 accompli shed by eouating the 

mer id iana l wal l for ces (om X n (R
0 

2 - R i 2]) to t he 

pressure load1ng (P,.R 1
2 ), s 1nce these must be exactly 

equal 1f the ventnc le 1s to hold toge t her. The same 

calculation app ii es fo r elther an el lipsoida l or a 
spher>cal mooel (Grossman et al. . 19 75) . 

Wa ll st res s, whether c ircumferential, mer i dion al or r ad i al, i s d irect ly 
rel ated to ventricular pr ess ure and i ndirect ly r e lated t o wall thic knes s. 
Thus , if pressure increases, wall thic knes s must inc r ease to mainta i n normal 
wall s t re s s (Grossman et al . , 1975) . 
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Figure 8. 

B. PRESSURE OVERLOAD 
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F1gure 8. comoanson of changes in LV pressure {solid dots). wall 

th 1ckness (ooen dots) . and merid ional stress (open squares) throughout t he 

cardiac eye l e for reoresentat 1ve no rma i. pressure - over loaded. and volume

ove r loaded ieft vent r icles . ~easu rements a r e plot t ed here at 40-ms 

intervals . l n the pressure - over loa aed ventnc le (B). the markedly e leva ted 

sys t ol ic pressure 1s exactly co::r.~eroalanced by Inc r ea sed wall thick ness 

w1 th the resu 1 t that wa 11 stress r e-na 1 ns norma 1. In the volume-over loaded 

ventncle {C ). peak systolic stress IS norma l but end diastollc st r ess 1s 

signlf 1cantly inc r eased . (Gr ossman et al., 1975) . 
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Ejection fraction (the percentage of blood ejected by the ve ntricle 
during systol~~ may then be closely coupled to wall stress. Linear regression 
shows the decreasing ejection fraction as wall stress increases. 

• <: • § • 
(J • 
"< 
Cl:: •• .... 
<: 
::l ;:: 
(J 

~ ..., 

(){]---< 300 400 

,,,96 

•• 
• • 

• • • 

500 

• 

500 

Figure 9. 

F iqure 9 . Re la t 1onsh1p between the left ventricular 

eJect ion fract 10n and mean systa lie m1dwa 11 
tlrc umfe rential stress (a) 1n patients w1th pure aortic 

stenos1s and vary1ng degrees of systol1c dys f unction . A 

close. i nverse corre l a t ton 1 s co served . (Grossman et a 1 . . 

1983 I. 

Cf TO' dynes/em 

The age at which pressure overload is applied may infl uence the amount 
of increase in wall thickness and thus, wall stress and ejecti on fraction . 
Assey et al. compared left ventricular mass, ejection fraction and wall stress 
in three groups of patients with similar transaortic pressure gradients. The 
groups were as follows: young children (<10 years) with aortic stenosis, older 
children and young adults with congen ita 1 aortic stenosis and adults with 
acquired aortic stenosis. Age matched contra l s for each group were a 1 so 
studied. No pat i ents or controls had abnormal ejection fraction. Left 
ventricular pressure gradients were similar. 
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Figure 10. 

Fio ure !0 . Peak aort ic valve pressure grad1ents i n t he 

three grouos of patlents w1th aor tic stenos1s . The group 

gradients are not statistically different. (Assey et a 1. , 
1987 I . 

OCAS AAS 
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Left ventricular mass (normalized to Qody surface area) was elevated in 
al.l three pati~nt groups. Howe ver , the magnitude of enlargement was gre ater 

~ i~ both young patient groups compared to the adult patients. 

Eject i on fractions for the ex pe rimental and contro l groups are shown. 
Ejecti on fractions for t he two young groups with . aortic stenosis were 
s ignificantly higher than their age matched control s, while adults with aortic 
stenosis had ejection frac t ions similar to the i r control group. 

Figure 11. 

0 

• 6 
0..6. 
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~ 

I (.) 
< a: 
II. 
z • a. 
0 6 

Ei I~ Ill w 
i:il 

I~ o• ... 
• • 0 

0 0 

·~~----------------~--~----------------------------
- YeAS CH. OCAS AHL .US 

r=·r:-l=t±~ 
F;gure !l. Eject i on fract 1ons (EFs) for the six groups of pat1ents . Each 

pat i en t t n the groups of those w1th aort ic stenos1s is represented by a 

symbo1 and the corresponding symoo l fo r each subJec t ln the control group 

represent s the age-matched contra 1 for that pat 1ent . The compar isons were 

performed by analysis of var iance followed by the Newman-Keuls test. 

(Assey et al. . 1987). 
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Wall stress was signi fi cantl y lower in the young aortic stenosis groups 
compared to their controls, whe r eas it was identical in the adu l t group. 

Figure 12. 

212 

0 

110 

(I) 

l~ (I) 
w a: 0 

lne ••• 
0 

!.2~ 0 
..J .. .i • • o;. 
~., 111 

I~ ~I ~ ... 
(I) 

Q 
z 
w 

~ • X 
.... • .. .... .o:I • .o.I 

8 ~ 
52 

0 • 
20 0 - YCAS CH. oc.u 

r=r·"*-:;9 
F1oure 12 . IJall st ress for t he s1x groups of pat;ents . Symbols are 

matched and statisti cal anal ys1s is as •n figure 11. (Assey et al. . 1987) . 

The inverse relationship between ejection fractio n and wall stress for 
all patients and controls is demonstrated . 
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F laure 13 . Eject 10n fract 10n plotted aga 1nst end-systo lie 

wa ll stress for the SJX' groups cf subjects. The figu re 

demonstrates that oat1ents w1th congen1tal aorti c stenas 1s 

had higher eject ion fract1ons and lower wall s tress tha n 

contra 1 subJects . There 1 s a l 1near corre lat 1on between 

EJect 10n fract 1on ana wa 11 stress, as shown th rougnout the 

range of the v ar ~ables. (As sey et a I.. !987) . 

0.1+----.--~--...,----,---..-----
50 100 150 200 

END SYSTOUC WALL STRESS 
k dynes/em' 

2 0 

This study reemphasizes the point t hat if wall stress remains normal in 
the face of increased workload, then the usual clinical measures of overall 
ventricular function remain normal . Maintenance of normal wall stress has 
been suggested to be the stimulus for hypertrophy. However, in the two groups 
of children , hypertrophy was in excess of what was required to maintain normal 
wall stre ss - wall stresses were abnormally low, while ejection fractions were 
supernormal (Assey et al., 1987). It is unclear whether this represents a 
more exten s ive hypertrophic re sponse in children or a limited hypertrophic 
response in the adult. 

The above cited clinical studies would suggest that if the tissue 
response to increa sed workload is quan ti tatively su f fic i ent to maintain wall 
stress at normal levels, then overall cardiac function is benefitted by the 
hypertrophy process. By contrast, Huber et al . (1981) and Spann et al. (1980) 
studied patients with aortic stenosis and found that wall stress could be 
normal in patients with depressed ejection fractions. Huber (1981) further 
demonstrated that in patients with normal wall stress, contractility might 
nonetheless be impaired, suggesting t ha t qualitative abnormalities exist in 
hypertrophied, compensa t ed myocardium . Takahashi et al . (1980) made similar 
observations in a group of patients with hypertrophy resulting from systemic 
hypertension, all of whom had normal overall left ventr i cular function. 

Studies which examine function of isolated muscle strips from animals 
with hypertrophy but preserved sys toli c function have found substantial 
intrin sic abnormalities of mu sc le fun cti on . Spann et al. (1967) us i ng a 
feline model of right ventricular hypertrophy induced by pulmonary artery 
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banding, studi.ed normal control animals and animal s ·with right ventri cular 
hypertrophy wit.hout evidence of failure as well as with failure. In those 
anima ls with hypertrophy but without congest ive heart failure, there were 
significant alterations in the following parameters of muscle function. 

The relation ship between fiber leng th and act ive tension generat ion was 
shifted downward and to the right so that for any given .muscle length, tension 
generated was significantly decreased in hypertrophied fibers. 

TENS:ON 
g/mm 2 

Figure 14. 

T 6 

:!-. ·Normal (/4) --- Q 

·=- (/0) ---c:( RVH 

]A- CHF (i/) ---Jo 
5 ACTNE RESTING 

TENS ION 

4 

3 

2 

TCNSION 

-5 L .,., + 3 

LENGTH 
Percent change from L"AX 

Fiaure 1t . Re lat 1on between muse ie ler.gth ana tens10n of the papillary 

muscles from normal {c 1rcles ) , hypertrocn1ed (souares} and falling 

(tnangles) nght ventr1cles. Open symools=restmg tens1on: solid 

s)'TTlbols=acttvely deveioped tens10n. Each value is the average of the 

group; vert ica 1 lines wit h cross bars = :1 SEH. Tens1on 1s corrected for 
cross-sect 1ona 1 area (g / mn2) . Numbers 1n parentheses=number of an1ma ls. 

(Spann et a 1. , 1967). 

Rate of maximum isometric force development was depressed. 
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Figure 15. 

F iau re 15 . Left, max1m:;m rate of i sometric fo rce 
deve locment shown for the th ree groups of muse les 

10 

g/rTTn
2

/ sec. All muscles were studied at the apex of the1r 

length-tens ion curves . Right, t 1me from st 1mu lat 
100 

to 

the oeak of deve loped lsome trJ c tens 1on in m1lliseconas. 

All muscles were s t ud 1ed at the apex of the i r lenath

tenslon curves . Numbers in parenthese s=number of an1~ ls. 

Vert 1ca 1 l 1nes with cross bars = :::1 SEH . (Spann et a 1., 
1967). 

The force-velocity relationship was shifted downward and leftward so 
that at any given l oad, velocity of sho rtening was depressed for hypertrophied 
fibers. 
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Figure 16. 

Fiaure 16 . The force~veloc1ty reiat1ons of the three 

groups of cat capillary muscles . Average values wi th t 

SEM are g 1ven fo r each po1nt. Ve lee tty has been corrected 

to muscle lengt ns per second {L
0

/ sec). Numbers i n 

parentheses=number of an 1ma Is. (Spann et a 1. • 1967) . 

Capasso et al. (1981) using a model of renal hypertension and 
hypertrophied left ventricular papillary muscles from rats also found that 
velocity of s ho rtening was impaired by I 0 weeks of hype rtens ion but found 
deve loped tension in hypertensives to be significantly greater than control 
animals. 
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Figure 17. 

Figure 17 . Normalized force-velocity relations at bath 

[Ca2·] 2.4 mM. Values were obtained from a senes of 

afterloaded isoton1c contractions at an in itia l muscle 

length of Lmax · Force 1s expresSed as X relative load 

(tota 1 isotonic load/tota 1 isomet ric load X 100) . 

Ve lac 1 ty 1 s expressed as number of muse le lengths per 

second, calculated as peak velocity (in nrn/s) div1ded by 

Lmax Values are plotted as means :t SE. Velocities were 

s1gnif1cant ly lower 1n hypertenslVeS than controls in each 
study . *P!,0.05 . A: 5 wk hypertension (closed triangles, 

hypertensives ; closed c1rcles, controls; n• 12 ) . B: 10 wk 

hypertension (closed triangles, hypertensives; closed 
circles , controls; n=10) . C: 20 wk hypertension (closed 

triangles, hypertens ives: c losed circles, controls; n=11) . 
0 : 30 wk hypertens ion {c losed triangles, hypertens1Ves; 

closed circles, controls ; n=10). (Capasso et al .. 1981) . 

Figure 18 • 
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Figure 18. Resting and developed tensions are plotted as a funct i on of muscle length 

in hypertenslVeS and controls . Bath [Ca 2• ) 2.4 mM. Values are plotted as means 1 

SE. *P, !_0 .05 . A: 5 wk hypertens ion (closed triangles. hypertensives ; closed 
circles , controls; ncl2). 8: 10 wk hypertens1on (c lased tr iangles, hypertens1ves; 

closed c1rcles, controls ; n=lO). C: 20 wk hypertens10n (closed tnangles, 

hypertenslVes ; closed ci rcles . controls: n=11) . 0: 30 wk hypertension (closed 

tr1angles , hypertenslVes; closed circles. con~rols; n=lO) . (Capasso eta!., 1981). 
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Time to peak tension was measured in .this study and was found to be 
pr~longed. 

Jouannot (1g75), using aortic banded rats found that time to peak 
tension was prolonged and the mu scle developed length-tension relationship was 
depressed. While there is some variability in the peak tension generated 
relative to control, prolongation of time to peak tension is uniformly 
described in hypertrophied myocardium. 

Information on intrinsic muscle function is not available from patients 
with stable compensated hypertrophy; however, these animal studies would 
suggest that despite preservat ion of overall ventricular function, function of 
individual myocardial units is impaired. 

One important objection to many of the animal studies of hypertrophy is 
that usually a sudden large afterload is imposed and the duration of the 
afterload increase is substan tiall y shorter than would be found clinically. 
It has been shown (Sasayama et al., 1976, 1977) that associated with sudden 
imposition of increased afterload, there is transient depression of overall 
function as measured by ejection fraction and velocity of muscle fiber 
shortening, with subsequent recove ry of overall function. Carabello et al. 
(1g81) used the opposite approach and studied overall function during gradual 
imposition of pressure load created by banding puppies with a non-constricting 
aortic band which became constricting as the puppies matured. Ejection 
fraction, rate of pressure development and veloci ty of muscle fiber shortening 
were seri a 11 y compared with a group of sham-operated litter mate contro 1 s. 
The two groups were functionally indi stingu ishable at all time points. 
However, it should be reemphasized that mea s ures of overall ventricular 
function are not necessarily reflective of intrinsic muscle function. 

DIASTOLIC FUNCTION. 

Congestive heart failure manifested by pulmonary venous congestion in 
the setting of normal or supel"norma 1 systo 1 i c function is a common 
presentation in hypertensive hypertrophy, as well as in the patient with 
aortic stenosis particularly in the setting of an arrhythmia (Lorell and 
Grossman, 1987; Eichhorn et al ., 1982; Hanrath et al., 1980). Impaired 
diastolic function (increased left ventricular filling pressure relative to 
diastolic volume (Lorell and Grossman, 1987)) is very common in pressure 
overload hypertrophy; diastolic dysfunction may be a finding which long 
precedes the onset of systolic dysfunction, and may be more severe than the 
contractile dysfunction (Lecarpentier et al., 1987). Oiastol ic function is 
determined by 1) intrinsive tissue stiffness as well as 2) energy dependent 
relaxation. There is evidence to suggest that muscle stiffness as well as 
active relaxation are altered by pre ss ure overload hypertrophy (Schwarz et 
al., 1978; Eichhorn et al., 1982; Grossman and f1claurin, 1976). 

Clinical measures of diastolic function in patients with aortic stenosis 
(Eichhorn et al., 1982; Schwarz et al., 1978 ; Fifer et al., 1985) and with 
chronic hypertension (Hanrath, 1980) all s how abnormalities in ventricular 
filling. Eichhorn et al. (1982) found the time constant of decay of left 
ventricular pressure was prolonged in 13 patients with aortic stenosis (67 
msec vs 41 msec , p<0. 01) ·and normal systolic function. The time constant did 
not correlate with left ventricular systolic pressure, but did significantly 
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correlate with . ventricular mass. Fifer et al _. (1985) measured rates of left 
ventricular early diastolic filling and wall thinning in both children and 
adults with aortic stenosis, and found these indices to be depressed in both 
patient groups when compared to normal controls. Importantly, depression of 
diastolic function was noted in children with supernormal systolic function as 
well as low wall stress. Schwarz et al . compared the degree of diastolic 
dysfunction to morphologic abnorma 1 it i es of increased myofi ber diameter as 
well as fibrosis in patient s before and after aortic valve replacement. 
Interestingly , diastolic dys fu nction was best correlated to muscle cell 
diameter rather than fibrosis , suggesting that the component of diastolic 
dysfunction attributable to passive elastic properties of the myocardium were 
dependent upon the myocardial cell , rather than upon the increased co 11 agen 
content. 

In addit i on to changes in myocardial stiffness (Schwarz et al . , 1978), 
there is considerable evidence that active relaxation is also impaired. 
Studies of isolated muscle fibers show that the rate of isometric relaxation 
is decreased (Jouannot, 1975 ), the time to half relaxation is prolonged 
(Capasso et al., 1981; Lecarpentier et al., 1987) . An important finding of 
Lecarpentier et al . was the disappearance of load sensitivity of relaxation in 
severely hypertrophied myocardium. Thi s property is present when sarcoplasmic 
reticulum is present and normally functional, and not present under conditions 
when sarcoplasmic reticulum is either not present or pharmacolog ically 
inhibited. Gwathmey et al. (1985) pre sent further evidence that calcium 
uptake by sarcoplasmic reticulum in hypertrophied myofibers is disturbed. In 
summary , changes in passive muscle stiffness as well as impaired active 
relaxation probably contribute to the diastolic dysfunction observed in 
hypertrophied myocardium. 

ExciTATION - CoNTRACTION CouPLING 

While peak tension generated by hypertrophied myocardium may be somewhat 
variable, the prolongation in the time to peak tension is relatively constant. 
There is a corresponding change fn the excitation-contraction coupling which 
is thought to be res pons i bl e for the pro 1 ongat ion of contraction. Normal 
excitation-contraction coupling is shown below. 
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Ficure !9. A. Schematic il lustrat1on of the ac:Jroxlmate t1me course of 

exc1tation-act1Vatlon-contract ion coupling. . From too to bottom , the 

trans1ents are the cell membrane acuon potent ia l . the myoolasm1c [Ca -+] as 

measured by the photoprote 1n aequo r 1n. and myocarc 1a 1 force developed 

dur1ng an isometric contraction . Note the seauence of events: the action 

potent1al precedes the rise 1n r.~yoplasm1c fr ee {Ca-J. wh1ch in turn 

precedes the onset of force deve lo:J~T~ent. The dec l 1 ne ' " myop lasm1c [Ca ) 

pr~cedes the fa 11-off in force. e. Schematic _ d1agram of some interact ions 

between membrane potentia 1 and contract 10n in the heart. The seouence in 

exc 1ta t ion-ac tivation-contrac t ion coupling may be fallowed v1a the heavy 

black. arrows (ma 1nly clockwlSe). Ion fluxes across the sarcolerrma [arrow 

1+] determine the membrane potent1al, wh 1ch nse1f can prov1de a dr1v1ng 

force for ion movements [ar rqw 1- ]. The changes ln memorane potential are 

a function of the ion1c equi libr1um potentl als and ccnauctances. The 
depolarization [2) causes a nse ln myoplasm1c [Ca -·) derlVed from 

intracellular s-t ores [3+]. Th1s results direct ly from the deoolarization 

or possibly from Ca-+-1nduced Ca release . TheCa- w1th1n the myoplasm 

comb ines with t ropon in C[S+] to allow an act1n-myos1n Interaction requinng 

ATP and resultlng 1n force develooment [6..-] . At the time that, or probab ly 

before, the memorane repolar1zes, the sarcooiasm1c ret1culum sequesters 

Ca (5-, 3-] perm1ttmg relaxat1on to occur (6 -] Ca.,... can also leave t he 

myop lasm by a met abo l icc lly dependent Ca- pumo or by Na •. Ca +- -exchange 

{4·]. Force and length changes could 1nfluence memb rane events 

(contraction-act1Vatlon-excltatl on f eedback) by orocesses depleted the 

dotted 1 ines. For example, these mechan 1ca l a lterat 10:-:s CCi.J ld change 1onlc 

fluxes across the sarcolemna by affect1ng per.r.eaol lt ty or dlffus1on 

grad1ents directly (7]. lndirec:ly. force ana leng:n changes could 

influence the memb rane by altenng myoolasmic (:a-)[6- ; 5-). Th 1s may 

influence ionic fl ux {4 -}, and hence, membrane potential [ i •] by modulation 

of the electrochemical grad 1ent for Ca and thus. mocu iat1on of the slow 

Ca _.._ channel . outward K• curren:s. "leak" currents . the electrogenic 

Na +/Ca.,..... exchange, or the nonsoec 1 f 1c cat 1on conau:::tance refe rred to as the 

osclllatory or trans1ent 1nward (TI) current. (Bra unwald et al., 1988). 
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In hype~trophied muscle, the action potential is prolonged with a 
corresponding p,rolongation of the time course of tension generation. Of 
interest, both action potential duration and the time course of tension 
generation normalize with regression of hypertrophy (Capasso et al ., 1982). 

Figure 20. 

SHAM(201 

- SHAM/101 
-"11' 1101 
--· HS 'Iil 

HBPIRI 

Figure 20. Super1mposed t rae 1 ngs of esc i 1 1~scoo lC photogra on 1c records of 

isometri c t enSion and action potentia l s frcm SHAM (20). HBP (20). and HBP 

(R) pao1llary muscles. Inser t shows actual oscllloscoolc records from SHAM 

(20). HBP (20). and HB P (R) paplllary muscles. (Cacasso. l9S2). 

LEFT VENTRICULAR HYPERTROPHY AND ARRHYTHMIAS 

The presence of left ventr1cular hypertrophy by electrocardiogram and 
more recently echocardiogram has been associated with a three to five-fold 
increased likelihood of sudden death (Kannel et al., 1975). Of interest, this 
increased incidence of sudden death is in excess of the risk of sudden death · 
associated with the presen.ce of hypertension alone (Kannel et al., 1975) 
suggesting an independent contribution to the risk for sudden death made by 
the presence of hypertrophy. Thus for men in the Framingham-A 1 bany cohort, 
hypertension increased the risk of sudden death three-fold , while 
e 1 ectrocardi ographi c evidence of 1 eft ventricular hypertrophy increased the 
risk five-fold . While this is of interest, it does not clearly show that 

·hypertrophy is the precipitant to sudden arrhythmic death one might 
postulate, for example, that left ventricular hypertrophy (stimulated by 
myocardial ischemia) was associated with more severe coronary artery disease, 
and thus, the severity of the coronary disease, rather than hypertrophy per se 
might be responsible for the increased incidence of sudden death. Perper et 
al. (1975), however, found no correlation between heart weight and severity of 
coronary artery disease in patients dying suddenly thus, countering the 
argument that hypertrophy is simply another consequence of the disease process 
producing increased sudden death. In a somewhat different setting, Messerli 
et al. (1984) quantitated ventricular ectopic activity in patients with 
hypertension with and without hypertrophy. The authors noted that patients 
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with hypertensjon, but without hypertrophy had ventricular ectopic activity no 
different than DOrmal control subjects; however, if hypertrophy was pre sent in 
addition to hypertension, ventricular ectopic activity was significantly 
increased. Importantly, coronary artery disease was excluded in this group of 
patients. 

Further evidence that hypertrophy independent of coronary artery disease 
may provide a proarrhythmic substrate is suggested by the fact that other 
diseases associated with pre ss ure overload hypert rophy in the absence of 
coronary artery disease, such as aortic stenosis in children or coarctation of 
the aorta, are associated with sudden arrhythmic death (Jones et al., 1980) . 
It is, therefore , wor t h con sider ing whether there are features of the 
hypertrophied myocard i um which might potent iate the initiation and maintenance 
of arrhythmias. 

In general, arrhythmias can be subdivided into disorde rs of automaticity 
(abnormal rate, or site of ori gi n of electrical impulse generation) and 
disorder s of impulse conduction (Cranef ield, 1973). Let hal arrhythmias such 
as ventricular tachycardia leading to vent r ic ula r fibrillation may ari se from 
altered automa ti city, or from reentry secondary to different i al conduction of 
an electrical impulse or from a combination of these mechanisms. 

There is substantial data showing that electrophysiologic alterations 
exist in compensated, non-i sch emic hypertrophied myocardium which could 
provide the substrate for the initiation and maintenance of arrhythmias. 

The normal action potential consists of changes in membrane voltage 
determined by transmembrane i ani c curr ent s. These are summarized on the 
diagram below . Current pa sses from cell t o' cell in an orderly fashion and 
results in mechanical activation of myocytes. 

U111tro••-

Figure 21. 

- RopiCI Rcpokm rat1on 
r '-'olen 

,- PIOIIDII 

"" I" ... 
F'loure 21. D1agrarrrnat ic representation of a cardiac action pot ent i al , 
empnasizi ng cha racteristlcs of the PurklnJe fiber. Upstroke 1s pnase 0; 

rapid repolanzation i s phase 1; pla teau is phase 2; final recolanzation 

1s phase 3; and diasto lic aeoolarlZaUon i f phase 4. The arrows ce low the 

d i~gram refer to the approx1mate t1me when the Indicated i on 15 1nflue nc 1ng 

memorane potentlal . They po 1nt 1n the d 1rect1on of the effect on the 

membrane potent 1a l. uoward for depo lan zat 1on and downward for 

repolar1Zat10n . (Fozzarc, 1977) . 
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Many myocardial cells possess the ability to ·spontaneously depolarize 
and generate an action potentia 1 (automaticity). Arrhythmias resulting from 
altered automaticity arise when some factor enhances the spontaneous 
electrical activity of one or more of the latent myocardial pacemakers. When 
this occurs a single ectop i c or a sustained ectopic . arrhythmia may result . 
Reentrant arrhythmia s , by contras t, occur when there is a 1 oca 1 i zed area of 
abnormal conduction slowing such t hat an impulse traveling this circuit is 
delayed sufficiently at one point that it reaches tissue which would normally 
be refractory to excitation but is excitable due to the impulse delay, and is 
thus capable of generating a single or series of ectopic beats (Cranefield , 
1973) . 

Figure 22. 
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Figure 22. Models for reentry. The upper figure consists of a Purkinje 

fiber bundle (0) which dlV iae s into two branches (B and C) . These two 

branches are connected dista l ly by ven t r icular muscle. The stippled 

segment (A-B ) i s an area of un 1di rec tiona l conduc t ion block . In t he lower 

fi gure A and B ind icate t wo parallel muscle f ibers with lateral 
connections . (Cranefield et al .. 1973 ) . 
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In practice, clear separation of arrhythmias into these two mechani sms 
is not feasible and arrhythmia s may result from a combination of both 
mechanisms. Importantly , it can be shown that the substrate for both 
mechanisms of arrhythmogenesis exist in hypertrophied myocardium. 

Cameron et al. (1983) using a model of aortic constriction with 
resultant LV hypertrophy, found abnormalities in action potential duration, 
upstroke velocity and amplitude of the action potential that were 
heterogeneous within the same heart. In some regions of the heart, action 
potentials were shortened with low upstroke velocity and low amplitude , while 
in other regions action potent i als were prolonged. Conduction velocity of 
electrophysiologic impulses are directly related to upstroke velocity so that 
areas of low upstroke velocity would create reg _ions of conduction delay . 
Electrocardiographic monitor ing was done with and without vagal stimulation to 
slow heart rate in hypertroph ied and contra l ani rna l s. When heart rate was 
slowed, arrhythmias including s ingle and repetitive PVC's as well as 
spon taneous ventr i cular fibril la tion were ob served QDly in hypertrophied 
hearts . 

Aronson (1980), using microelectrode techniques, studied the 
characteri st ics of the action potential from rats with renal hypertension
induced hype rtrophy and found that action potential duration was increased as 
a consequence of prolongation of the refractory period. 

SHAM 

Figure 23. 

Fioure 23 . Conf igurat 10ns of rep resentat 1ve AP recorded 

from the pao1llary musc les of SHAH and HBP rats . Trace• 

of HBP AP (A-C) and SHA~ AP ( 0-F) recorded simultaneous ly 

from three pa1rs of muscles taken from an1mais . Note that 

HBP AP show marked and consistent lengthening as well as 
considerable variabillty in the course of repolarization . 
Horizontal bars show zero pote nt>al. (Aronson, 1980 ). 
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Keung and Aron son (1981) found that th e prolongation of refractoriness 
was distributed . i n a non-un iform fa shion among endocardial, epicardial and 
papillary muscle segment s; such nonuni fo rmity would provide areas of 
conduction delay . 

Figure 24. 
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Fiaure 2~ Tracings cf representative act1on potentials 

show1ng the effect of DCL on configuration. DCL=IDOD (a), 

300 (b) and 150 (c ) msec . Trac mgs are from endocard>al 

(EN), pap1 l la r y muse le ( PM) . and epicard>al (EP) fibers of 

SHAM and HBP ra ts . Note tnat HBP act! or. poten t 1a ls of 

endocardi a l and pap1llary muscle fibers a re clea r ly long~r 

t han those of SHAM fibe rs at longer DCL. Prolongation at 
e picardial HB P action potentuls 1s s een only dur m g t hE: 

lat t er half of repol anzation. (Ke ung a nd Aronson, 198 1) . 

Keung (1989) found that the transmembrane inward calcium current was 
increased in isola ted hypertrophied myocytes and accounted for the action 
potential pro l ongation. It has also been reported that the amount of 
electrically effective membrane area is reduced in hypertrophied myocardium 
despite the increase in total membrane area resulting from cellular 
enlargement. Prolongation of refractoriness, di spersal of refractoriness, and 
impaired impulse spread across from cell to cell are the substrates for the 
development of reent r ant arrhythmias and have been found to exist in 
compensated, nonhypertrophied myocytes . 

Calcium-dependent afterdepolarizations result i ng in triggered activ ity 
have been noted in a s imilar preparat i on (Aronson, 1981). Additionally , 
spontaneous oscillatory activity leading to action potentials in hypertrophied 
myocytes has al so been noted. Of intere st, this spontaneous oscillatory 
activity could be bloc ked by caffeine, a substance which blocks both uptake 
and relea se of calcium from the sarcoplasmic reticulum . 
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Figure 25. 

A. 

SHAM 

Figure 25. Tr iggered act ivi ty ar1s1ng from early afterdeoolarizations i n 

HBP papillary muscles exposed to TEA . In A, the s ame external st 1mu lus was 

applied simultaneously to the SHAM and HBP muscies follow1ng a quie scent 

per1od of 2 m1nutes. The SHAM oreparat 1ons responoed w1th only a s 1ngle 

dr ive act1on poten tial whe reas the repol ar tzatlon phase of the driven 

act ion potentia l of the HBP preparation was interrupt ed by an early 

afterdepolan zati on that gave r1se to sustained t ri ggered activity; the 

tri ggered acti vity f inall y terminat es w1 th a delayed aft erdepolanzat1on. 

In B. simultaneous recording were obta 1ned from 2 s 1tes 1n the same HBP 

preparation (i nterelec trode dist ance. 1.5 rrrn) . A s1ngle drive actton 

potent ia l was evoked after a QUiescent per1od of 2 mmutes. The 

repolar ization phase of the dr iven act ion potential is interrupted by an 

early afterdeoolarizat ion which, aft er an in itial qu1escent penod, gives 

r i se to progressi vel y larger oscillatory res ponses. The f i rst burst of 

this triggered oscillatory a ct ivlty ceases when the membrane repolarizes to 

a negat ive level. but then a spontaneous upstroke occurs. apparently from 

the deoolar izing phase of delayed afte rdecolar1 za tion. The 

repolarizat ion phase of this act1on potent ial IS again interrupted by 

osctllatory tnggered actlv1 ty . Th 1s same seauence is r eoeated tw1ce more 

unt i l t he membra ne potent ia 1 fa l low1ng reoo lar izat ion of the fo urth burst 

of oscillatory act iv t ty remains at negat1ve levels of membrane potent1al 

but susta ~ ned spontaneous act1 v1ty follows . presumably hav1ng ansen from 

the depolar i zi ng phase of a delayed afterdepolar1 zation. The diastolic 

mem brane pot ent ia 1 atta tns gradua lly more neg at 1ve ]eve ls wtth each 

subsequent beat until soont aneous act 1 vi t y termtnates w 1 th a sma 11 and slow 

delayeo afterdepolar i zatlon . Note that the electrica l activity recorded at 

both s 1t es IS synchronous. Th1s 1s an example of t r1ggered act lVity 

i nittated by the alternation of early and de layed a ft erdeoolarizattons. 
(Aronson, 1981). 

-28-



Thus in nonischemic hypertrophied myocardium, prolongation and dispersal 
of refractoriness, as well as heterogeneity of conduction velocity have been 
identified, and may facilitate the development of reentrant arrhythmias. 
Alternatively, the presence of calc i urn-dependent after potentials which may 
lead to triggered electrical activity may predispose to arrhythmias secondary 
to altered automaticity. 

HYPERTROPHY AND THE CORONARY CIRCULATION 

Two clinical observations have suggested that the coronary ·Circulation 
may be abnormal in hypertrophied myocardium. Angina pectoris, in the absence 
of atherosclerosis in the epicardial coronary arteries, occurs as a major 
symptom in aortic stenosis (Marcus et a l . , 1982) and may also be observed in 
patients with hypertension and hypertrophy (Brush et al., 1988). Patients 
with hypertrophy undergoing exercise electrocardiography may have abnormal ST 
segment responses consistent with ischemia, as well as angina in the absence 
of obstructive coronary artery disease (Brush, 1988) . 

Anatomic studies of the coronary vasculature in both humans and animals 
have shown that the epicardial coronary arteries enlarge with hypertrophy 
(Marcus et al., 1987); the enlargement, however, is not proportional to the 
amount of hypertrophy, and these arteries canst itute only a small proportion 
of the overall cross-sectional area of the coronary vasculature. Morphometry 
of the coronary microcirculation (which constitutes the largest cross
sectional area of vasculature) has shown that the capillary density is 
decreased by 20-30% in the pressure overloaded heart (Rakusan et al., 1980; 
Holtz et al., 1977) thus, suggesting that growth of the major portion of the 
coronary vasculature is not commensurate with the growth in myocardial mass. 
A different method of measuring the amount of microcirculation is to 
functionally assess the cross-sectional area of the capillary bed by 
calculation of coronary vascular resistance (pressure drop across the coronary 
circulation (mmHg) + mean coronary blood flow (ml/min) across the coronary 
circulation during maximal, pharmacologic vasodilation (to ensure that all 
vascular channels are open); this quantity, the minimal coronary vascular 
resistance, is linearly related to the cross-sectional area of the coronary 
bed. One can then calculate the resistance per gram of tissue to normalize 
for increases in myocardial mass. If the coronary microvascular growth is 
equivalent to the increased muscle mass, then for any given pressure drop, the 
coronary flow rate should increase, resulting in a decrease in overall 
resistance and no change in resistance per gram of myocardium. In 
hypertrophied myocardium resulting from renal hypertension (Mueller et al., 
(1978) and from aortic banding (O'Keefe et al., 1978}, calculation of the 
mini rna l vascular resistance per gram of myocardi urn has shown that minimal 
coronary vascular resistance per gram of tissue was significantly increased in 
both models of hypertrophy, indicating a decrease in the functional cross
sectional area of the coronary capillary bed. 
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S tr uctural 

Figure 25. 

Func: 1ona ! 

Fioure 26 . Conceptua 1 diagram which relates ventr1cular 

mass to the c ross-sect 1ona 1 area of the coronary 

res istance vesse ls. The center box re flects the nonnal 
situation; i. e .. the rat io of ventn cul ar mass {si ze of 
the box) to s 1 ze of the vasc ular bed {tot a 1 area of the 
c i r c les w1thi n t he box ) i s norma l. (Marc us , 1983b) . 

~ t syslo l• c comp ress•on 

b t vas omo10r 1one 

The above diagram adapted from ~1arcus (1983b) illustrates the anatomic 
changes accompanying pressure overload hypertrophy . The relationship between 
normal microvasculature and myocardial mass is shown as the center square. 
The bottom left square illustrates the failure of the coronary circulation to 
increase with muscle mass, the bottom center square shows an increase in 
vasculature which is structurally abnormal leading to increased vascular 
resistance across the who l e heart, while the bottom right panel shows 
increased microvasculature which is functionally subject to eleva ted 
compressive forces (i.e. increased end-diastolic pressure), and thus 
extrinsically compressed resulting in elevated resistance. 

Hypertrophy has also been found to be associated with significant 
alterations in the reoional distribution of blood flow resulting in selective 
underperfusion of the subendocardium. Under normal circumstances, the 
endocardial blood flow is larger than epicardial blood flow resulting in a 
endocardial to epicardial blood flow ratio significantly greater than 1.0 . 
Bache et al. (1981) compared the endocardial to epicardial flow gradients in 
normal dogs, and those with hypertrophy, and found the following: At rest in 
normal dogs, subendocardial flow significantly exceeded subepicardial flow, 
the (endo:epi blood flow ratio was 1.25±0.07} while in hypertrophied hearts, 
this ratio was 1.1±0.08, so that endocardial flow was not significantly 
different from epicardial. With exercise, flow increased linearly with 
increasing workload in all groups, with a relative redistribution of blood 
flow away from the subendocard i urn in all groups; however, the endo- to epi
blood flow ratios significantly decreased in hypertrophied versus normal 
hearts (endo:epi ratio 0 . 94±0.03 in LVH vs 1 . 10±0.08 in normal hearts, 
p<0.05). 
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Using a . similar model, Vrobel et al. (1980) showed that incremental 
pacing of normal and hypertrophied heart s resulted in no change in the 
regional distribution of blood flow in the normal animals, but a significant 
red istr ibution of blood away f rom the subendoc ardium at maxi mal heart rates of 
250 beats/minute (endo:epi flow ratio 1.03±0.08 at 100/ min vers us 0 .83±0.06 at 
250/ min, p<0.05, i n hypertrophied hearts, endo:epi fl9w ratio 1.08±0.03 at 
100/ min versus 1. 02±0 .05 at 250/min, p= NS , in normal dogs) . Because the 
subendocardial region is the area of greatest wall tension and as well as 
highest metabolic activity, redistribution of blood flow with stre ss in 
hypertrophied hearts is clearl y disadvantageous . 

An important property of the coronary circulation is autoregulation of 
flow - the ability to maintain con stant flow under wi dely variable coronary 
perfusion pressures (Hoffman, 1987) . If ma ximal coronary vasodilation is 
accomplished then autoregul at ion i s lost and coronary flow varies linearly 
with pres sure . The difference between autoreg ul a ted flow and flow during 
maximal vasodilatation at any given perfusion pr essure is the coronary flow 
reserve . 
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Figure 29 . 
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( tnl / rTun / q ) 

' 
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0 o ~o too 1 ~ o 0 o~-:';;,o,.---:-:,o!::o-...,.;,,o 
PERFUSION PRESSURE l mm Hq) 

Figure 29. Diagram of basic coronary flow reserve . 0 = pressure f low 

relation dur i ng maxHna l va sod ilatation; At. A2 = two levels of 

autoregulated coronary f l ow: Rt = flow reserve from At ; R2 = f l ow reserve 

from Az . Panel A. Tot al f l ow per ventr icle (ml/m1n); 8, flow per un i t 

mass (ml/min/ g) . Left ventr1cular we1gnt, 100 g. (Hoffman , 1987) . 

Numerous authors (Hoffman, 1987; Murray and Vatner , 1981 ; Marcus et al ., 
1982; Marcus et al., 1987) have shown t hat the coronary flow reserve is 
decreased in hypertroph ied myocardium. This is very nicely shown in this data 
from Hoffman. 
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Figure 30. Diagram of coronary flow reserve wlt h hypertrophy . Pressure

flow relat1onsh10s for nonnal left vent ncle (lOOg) and hypertrophied left 

ventricle (200 g}. A..:: auto regulated flows; D • pressure f low line dunng 
maximal vasodi latat'i on; R = flow reserve . Normal : Al.Dl.Rl. and so11d 

lines; hypertropnied: Az.Dz. Rz.RJ, and dashed lines. D1 and Dz are 

supen mposed . Reserve fo r hypertrop!·ned vent :-1c les ls shown at nonna 1 

(Rz) and elevated (R3) perfus1ng pressure. A. Total f low per ventricle; 
B. flow per un i t mass . (Hoffman-. 1987). 

Coronary reserve is diminished becau se 
during maximal vasodilation tissue is decreased. 

Figure 31. 
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~iaure 31. Standard measurements used to analyze react1ve hyper em1c 

responses. (Marcus. 1983b) . 
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Another .way to as sess flow reser ve is to occl ud·e a coronary artery for 
10-20 seconds then me as ure the hyperemic response (transient increase in blood 
flow following rele ase of coronary occl usion which is metabolically 
determined) (Murray and Vatner, 1981). 

Calculation of the ratio of the area und er the hyperemic flow curve 
(repayment are a) to the area under the occl usion period (debt area) generate s 
a ratio ' of debt to occ l usion area which quantifies the hyperemic response . In 
normal , nonhypertrophied dogs thi s rat io is about 4:1. In the presence of 
hypertrophy this response is signif i cant ly attenuated (Murray and Vatner, 
1981) . . 

Coronary flow reserve assessed by the magnitude of the reactive 
hyperemic response has been quantif i ed in patients wi th aortic stenosis at the 
time of surgery, and found to be signi f i cantly attenuated when compared to 
nonhypertrophi ed subjects (M arcus, 1982). The repayment area to debt area 
ratio in nonhype rtrophied subj ects was approximate ly 3.6:1 compared to a ratio 
of 1: 1 for hypert rophied subj ects . 

Fi gure 32. 
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Flcure 32. Coronary Reac: l ve Hype rem1a Resoonse s in a Pat1ent w1th Aort1c 
St enos1s and 1n a Contro l. Record1ngs of mean coronary ve loc1ty are shown 

in the t op panels , and record1ngs of arter1al pressu re i n t he bottom 

panel s. A 20-second occ luslon of the coronary arte r i es had no sign ificant 

effec t on aortic pressure , heart rate. or card1ac rhytm. In the contro l 
pat lent ( nght pane 1) release of a 20 - second ace lus ion of the left ante nor 
descend mg {LAD) co ronary a rt ery was followed by a marked i nc reas e i n the 

ve loclty of corona ry blood flow. The ratiO of peak to rest ing veloc ity i n 

this examo le was about 4; the rat 10 of repayment to debt area was about 3. 

In the pat ient with ao rt1c stenos1s {left pane l ) the coronary react ive 

hyperem 1a resconse that followed a 20-second occlus 1on of the LAD was 

mark. eo ly attenuated. The rati o of peak to rest 1 ng ve lee ity was about 1, 

and the rat i o of repaymen t to debt area was much less than 1. In contras t , 

the same pa t1ent had an essent1ally normal response 1n a r1ght ventr1cuia r 

branch of the r1ght coronary a r tery (RY5-RCA ) (center panel). Thus, i n 

patients w1 th severe left ventr 1c u lar hype rtrophy secondary to va lvu iar 

aor tic s~enos 1 s. corona ry reserve - assessed by measur1ng the quantita ti ve 

charactenstiCS of coronary react i ve hyperem1a - IS markedly decreaseo 1n 

t he coronary vessels t hat supply the hypertrophied ventr icle . (Marc us et 
a 1.. 1982) . 
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The ratios of . peak to baseline blood flow. velocity was 4.6:1 in normals 
co~pared to 1.9:1 for hypertrophied subjects. 

Figure 33. 

Pen: to Reat.ng 
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F 1!lure 33 . Rat lOS of peak to rest 1ng ve Joe tty and of reoayment to debt 

area tn the coronary react 1ve hyperemta responses (after a 20-second 
occluston of the left antertor descen01ng coronary artery) tn contro l 
patients (NL ) and in patients wlth aort1c stenoslS (AS). The hor1zontal 

bars adjacent to the cncles represent the mean values for each group. The 

mean rattos of peak to resting veioctty were 4.6±0.4 and 1.9±0.2 ln the 

control patient s and the pattents wtth aorttc st enosts , respectlVely 

(P<0 . 01). The ratios of repayment to debt was 3 .05!0.4 and 1.1t0.3 in the 

two groups. Thus . the rat ios of peak to resttng velocity and of reoayment 

to debt were markedly decreased 1n pat 1ents with severe left ventr1cular 

hypertrophy secondary to aortic stenos1s. Only 13 dots are shown i n the AS 

grouo (repayment to debt area) because two po1nts were identical and are 
thus super 1mposed. (Marcus et al .. 1982). 

In summary, ventricular hypertrophy in response to pressure overload 
results in increased muscle mass, normalization of wall stress and 
preservation of cardiac output. The biologic consequences of maintenance of 
normal contractile function, include diminished diastolic compliance, electro
physiologic changes which may potent ia te arrhythmogenesis and alterations in 
the coronary circulation favoring subendocardial ischemia as well as 
diminished coronary reserve. 
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