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Left Ventricular End-Systolic Wall Stress-Velocity of Fiber Shortening
Relation: A Load-Independent Index of Myocardial Contractility

STEVEN D. COLAN, MD, KENNETH M. BOROW, MD, ALEXANDER NEUMANN

Boston, Massachusetts and Chicago, lllinois

The velocity of circumferential fiber shortening (Vcf) is
an index of myocardial performance which, although
sensitive to contractile state, has limited usefulness be-
cause of its dependence on left ventricular loading con-
ditions. This study investigated the degree and velocity
of left ventricular fiber shortening as it relates to wall
stress in an attempt to develop an index of contractility
that is independent of preload and heart rate while in-
corporating afterload. Studies were performed in 78 nor-
mal subjects using M-mode echocardiography, phono-
cardiography and indirect carotid pulse tracings under
baseline conditions. In addition, studies were performed
on 25 subjects during afterload augmentation with meth-
oxamine, § subjects before and during afterload chal-
lenge after increased preload with dextran and 7 subjects
with enhanced left ventricular contractility with dobu-
tamine. The relation of end-systolic stress to the velocity
of fiber shortening and to the rate-corrected velocity of
shortening (corrected by normalization to an RR interval
of 1) was inversely linear with correlation coefficients of
~0.72 and —0.84, respectively. Alterations in afterload,

preload or a combination of the two did not significantly
affect the end-systolic wall stress/rate-corrected velocity
of shortening relation, whereas during inotropic stim-
ulation, the values were higher, with 94% of the data
points above the normal range. Age did not appear to
affect the range of normal values for this index. In con-
trast, the end-systolic wall stress/fractional shortening
relation was not independent of preload status, respond-
ing in a manner similar to that seen with a positive
inotropic intervention.

Thus, the velocity of circumferential fiber shortening
normalized for heart rate is inversely related to end-
systolic wall stress in a linear fashion. Accurate quan-
titation can be performed by noninvasive means and a
range of normal values determined. This index is a sen-
sitive measure of contractile state that is independent of
preload, normalized for heart rate and incorporates af-
terload. In contrast, the end-systolic wall stress/fractional
shortening relation is dependent on end-diastolic fiber
length in the range of physiologically relevant changes
in preload.

The velocity of left ventricular fiber shortening (Vcf) is an
index of myocardial performance that can be accurately
measured by noninvasive means and is capable in certain
situations of distinguishing patients with normal myocardial
performance from those with impaired function(1-3). Al-
though sensitive to changes in contractile state, the velocity
of fiber shortening is highly dependent on cardiac loading
conditions and heart rate (4-8). As with other ejection phase
indexes including ejection fraction and percent fractional
shortening, the clinical utility of shortening velocity is lim-
ited by its inability to distinguish between the effects of
altered loading conditions and abnormalities in left ventric-
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ular contractility. Efforts to overcome these limitations have
focused unsuccessfully on the relation of velocity of short-
ening to afterload, quantitated as either instantaneous left
ventricular wall stress (9—12) or peak left ventricular wall
stress (4). Recently, several investigators (13—16) observed
a unique preload-independent relation between left ventric-
ular volume and afterload at end-systole. On the basis of
these observations, we previously investigated (17) the re-
lation of fractional shortening to end-systolic wall stress,
the force that limits fiber shortening at end-systole. This
index is sensitive to contractile state while incorporating
afterload. The use of the left ventricular wall stress/shortening
relation has also been reported by other investigators (18-21).
Our recent experience, however, indicated that this index
may not accurately reflect contractile state in the presence
of abnormal left ventricular preload conditions. We, there-
fore, investigated the preload dependence of the left ven-
tricular wall stress/shortening relation in normal subjects
over a wide range of arterial pressures.
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Additionally, because mean velocity of fiber shortening
is known to be independent of initial fiber length, the relation
of end-systolic wall stress to velocity of shortening was
evaluated as a potentially preload-independent index of con-
tractility that incorporates afterload status. Our previously
reported (17,22,23) noninvasive method was used to ex-
amine the response of the end-systolic stress/velocity of
shortening relation to afterload challenge (infusion of the
pure alpha-adrenergic agonist methoxamine [24,25]), pre-
load augmentation (dextran infusion) with and without af-
terload challenge and inotropic stimulation (dobutamine in-
fusion) (26) with and without afterload challenge.

Methods

Study subjects. The study group consisted of 68 healthy
subjects (40 male, 28 female) aged 3 to 70 years. None had
known cardiovascular disease on the basis of history. phys-
ical examination, electrocardiogram and two-dimensional
and M-mode echocardiogram, and none was taking car-
dioactive medications.

Recordings. Data acquisition was performed using pre-
viously described methods (17). An Irex or Hewlett-Packard
ultrasound imaging system with a 2.25 or 3.5 MHz trans-
ducer was used for echocardiographic, external carotid pulse
and phonocardiographic recordings. Phonocardiograms were
recorded from the right upper sternal border. The Dinamap
845 vital signs monitor (Critikon) was used to obtain peak
systolic and diastolic blood pressure measurements. We pre-
viously documented (27) the high degree of accuracy and
reproducibility of measurements made with this device.

Protocol. For each study, simultaneous recordings of
left ventricular echocardiogram, phonocardiogram, indirect
carotid pulse tracing, electrocardiogram and systolic and
diastolic blood pressures were obtained. All 78 subjects
were studied under rest conditions. In 25 subjects, we also
obtained data during afterload manipulation. Each of these
subjects was premedicated with atropine, 0.01 mg/kg in-
travenously, to maintain a stable heart rate during the sub-
sequent studies. After several baseline recordings had been
made, an intravenous infusion of methoxamine (25 ug/kg
per min, maximal rate 1 mg/min) was begun in all 25 sub-
jects. Repeat recordings were made every 1 to 2 minutes
during a gradual increase in peak systolic blood pressure to
30 to 60 mm Hg above baseline. The methoxamine infusion
was then discontinued. In seven subjects after a 10 to 15
mm Hg decrease in blood pressure below the peak systolic
level had occurred, an intravenous infusion of dobutamine,
5 ug/kg per min was begun. Recordings were obtained every
1 to 2 minutes during the gradual dissipation of the meth-
oxamine pressor effect. In eight other subjects, a 500 ml
infusion of dextran was administered over a 20 to 30 minute
period after the first methoxamine study had been com-
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pleted. The foot of the patient’s bed was then raised to an
angle of 30° and the infusion of methoxamine was repeated
as just described. In summary, recordings were made under
rest conditions in 68 subjects, over a wide range of afterload
conditions at stable heart rates in 25 subjects, with and
without inotropic augmentation (dobutamine infusion) in 7
subjects and with and without increased preload (dextran)
in 8 subjects.

Measurements and calculations. Left ventricular in-
ternal dimension and left ventricular posterior wall thickness
were measured at end-diastole (defined as the Q wave of
the electrocardiogram) and end-systole (defined as the first
high frequency component of the aortic second heart sound)
in five cardiac cycles, and mean values were computed. The
left ventricular percent fractional shortening was calculated
as end-diastolic dimension minus end-systolic dimension,
divided by end-diastolic dimension. Left ventricular ejection
time was measured from the simultancous carotid pulse
tracing and taken as the average of five beats. The ejection
time was rate-corrected to a heart rate of 60 beats/min by
dividing by the square root of the RR interval. The mean
velocity of circumferential fiber shortening of the left ven-
tricle was calculated and normalized to the end-diastolic
dimension by dividing fractional shortening by the ejection
time. The rate-corrected velocity of shortening was calcu-
lated by dividing the fractional shortening by the rate-cor-
rected ejection time.

Calibration of the carotid pulse tracings was performed
as described previously (28), with assignment of systolic
blood pressure to the peak and diastolic pressure to the nadir
of the tracing. Linear interpolation to the level of the incisura
was then performed to estimate end-systolic pressure. Val-
ues obtained in this manner differ by 3 = 4 mm Hg (mean
+ SD) from simultaneous central aortic values with a cor-
relation coefficient of 0.97 (29).

The left ventricular end-systolic meridional wall stress
was calculated by the method of Grossman et al. (30)

(1.35)Pes)(Des)
@he)ll + (heo/Des)]

where stress,, is left ventricular wall stress (g/cm?) at end-
systole, P, is the left ventricular pressure (mm Hg) at end-
systole, D and h,, are the left ventricular internal dimension
and posterior wall thickness (cm) at end-systole, respec-
tively, 1.35 is a conversion factor (mm Hg to g/cm?), and
4 is a geometric factor that results from conversion of radius
to internal dimension.

Statistical analysis. Simple linear regression by the least
squares method was used to calculate end-systolic wall stress
extent of shortening equations and end-systolic wall stress/
velocity of shortening equations for each of the experimental
conditions. The ¢ test for paired data was used for statistical
analysis, with a probability value of less than 0.05 consid-

Stress., =
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Table 1. Hemodynamic Response to Increased Afterload
(methoxamine infusion) in Eight Subjects

Peak p
Baseline Afterload Value

Heart rate (beats/min) 79 = 19 79 = 20 NS
P.. (nm Hg) 99 =+ 9 141 = 13 <001
D.. (cm) 3.20 + 0.47 3.57 £ 0.52 <0.01
he, (c1n) 1.46 + 0.18 1.34 + 0.17 <0.01
O, (g (m?) 51 +9 92 + 18 <0,01
Dey (cm) 4.75 = 0.67 502 = 0.67 <0.01
% AD 2521 286 £ 2.9 <0.01
ET () 293 + 28 312 + 34 <0.01
ET. (1) 333 + 23 352 = 35 <0.01
V¢ (carels) 1.12 £ 0.12 092 =013 <0.01
Ver, (211C/s) 0.98 = 007 0.82 = 0.11 <0.01

%AD = percent dimension change; D.q = end-diastolic dimension,
D., = end-systolic dimension; ET = ejection ime, ET, = rate-corrected
ejection time; he, = end-systolic wall thickness; 0., = end-systohic wall
stress; Pes = end-systolic pressure; V¢ = velocity of circumferential short-
ening; V= rate-corrected velocity of circumferential shortening.

ered statistically significant. All subjects were studied using
a protocol approved by the Committee for the Protection of
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Human Subjects from Research Risks of the Boston’s Chil-
dren’s Hospital and the University of Chicago Hospitals and
Clinics.

Results

Left ventricular hemodynamics. The hemodynamic data
from all 25 subjects under rest and peak methoxamine pres-
sor conditions are summarized in Table 1. The increase in
end-systolic pressure seen with methoxamine resulted in an
increase in end-systolic dimension and wall stress and a
decrease in end-systolic wall thickness, percent dimension
change, velocity of shortening and rate-corrected velocity
of shortening, with no change in heart rate. In Table 2, the
individual hemodynamic responses of the eight subjects who
received preload augmentation with 500 mil dextran are shown
with data matched for end-systolic wall stress. No significant
change in end-systolic pressure, dimension or wall stress
occurred, whereas significant increases ih end-diastolic di-
mension, percent dimension change and ejection time were

Table 2. Individual Hemodynamic Response to Preload Augmentation With 500 ml Dextran (data matched for end-systolic stress)

Heart Rate
Cuse (beats/min) P, D.. Doy %AD ET. Ve, Oe
1
C 76 113 3.30 5.15 35.9 328 1.09 55
P 64 113 3.30 5.40 389 342 1.14 55
2
C 49 122 4 40 610 279 312 0.89 87
p 52 117 4.55 6.45 29.5 345 0.86 90
3
C 78 166 3.55 4.65 23.7 310 0.76 112
P 75 163 355 4.80 260 358 0.75 110
4
C 72 136 3.60 5.00 28.0 307 0.91 89
P 74 144 3.55 515 311 337 0.91 91
5
C 75 138 345 500 31.0 326 0.92 81
p 70 137 3.50 5.25 33.3 351 0.94 83
6
C 88 116 3.05 450 32.2 337 0.95 58
P 80 113 305 4.70 35.1 360 0.98 57
7
( 75 147 4.00 5.75 30.4 358 0.85 110
1§ 75 147 410 6.05 322 362 0.85 113
8
¢ 60 119 3.40 4.90 30.6 320 0.99 63
P 54 116 345 510 324 323 1.00 63
C
Mean 72 132 3.59 5.13 30.0 325 0.92 82
+ SD 12 18 0.42 0.54 3.6 17 0.10 22
P
Mean 68 131 363 5.36 323 347 0.93 83
+ SD 10 19 0.47 060 38 13 0.12 23
p value NS NS NS <001 <0 01 <0.01 NS NS
1Cvs. P)

C = control; P = preload-augmented conditions; other abbreviations as in Table 1.
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Table 3. Individual Hemodynamic Response to Inotropic Stimulation (dobutamine)

Heart Rate
Case (beats/min) P.. De. %AD ET. Ve, O,
1
C 83 103 3.00 32,6 368 0.89 59
D 100 127 2.85 387 341 113 59
2
C 46 105 3.45 33.0 293 1.12 50
D 59 127 3.20 423 312 1.36 49
3
C 100 102 315 30.0 349 0.86 56
D 101 120 2.80 385 325 1.18 51
4
C 79 98 3.30 30.5 321 0.95 57
D 108 138 3.10 392 320 1.21 57
5
C 69 110 3.30 31.3 311 1.01 50
D 61 134 3.15 37.6 308 1.22 50
6
C 105 102 310 32.6 373 0.87 55
D 120 129 2.95 39.2 357 1.10 54
7
C 108 100 2.70 32.5 362 0.90 50
D 115 119 2.20 45.0 332 1.36 32
C
Mean 84 103 3.14 31.8 340 0.94 54
+ SD 22 4 0.25 1.2 31 0.09 4
D
Mean 95 128 2.89 40.1 328 1.22 50
+ SD 25 7 0.34 2.6 17 0.10 9
p Value NS <0.001 <0.001 <0.01 NS <0.001 NS
(C vs. D)

Data are matched for end-systolic wall stress. Abbreviations as in Tables | and 2.

found. There was no change in the velocity of shortening  subjects who received dobutamine (matched for end-systolic
or rate-corrected velocity of shortening with preload  wall stress) are presented in Table 3. Heart rate increased
augmentation. by 13% (from 84 =+ 22 to 95 * 25 beats/min) during

The hemodynamic response elicited in each of the seven ~ dobutamine administration. Increased contractile state re-

1.6
Vi = -0.0045 Gy + 1.36
+28D ~__ r=-0.72
~
14 S~ n=118
~

Figure 1. Relation between left ventricular (LV)
end-systolic wall stress and the mean velocity of
circumferential fiber shortening (V) for 118 data
points obtained in 25 subjects under rest and in-
creased afterload conditions. The relation is in-
versely linear over a wide range of wall stress values
(0). The linear regression equation is given and
illustrated along with 95% confidence intervals,
correlation coefficient (r) and the number of data
points (n).
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Figure 2. Relation between end-systolic wall stress
(o) and the rate-corrected mean velocity of fiber
shortening (V) for the same conditions as in Figure
1. A similar inverse linear relation is seen, but closer
correlation and narrower confidence intervals result
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Vet ==0.0044 Oes + 1.23
r=-0.84

n=118

when the mean velocity of fiber shortening is cor- 1.0

rected for heart rate. Linear regression equation, 95%

confidence intervals, correlation coefficient (r) and

the number of data points (n) are given as in Figure 08l
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sulted in higher end-systolic pressures associated with lower
end systolic dimensions. Percent dimension change, veloc-
ity of shortening and rate-corrected velocity of shortening
were higher with shorter ejection times at equivalent end-
systolic stress.

Left ventricular end-systolic stress/velocity of short-
ening relation. When the 118 data points from the 25 sub-
jects studied under baseline and afterload-augmented con-
ditions (without increased preload or contractility) were
conibined. the relation between left ventricular end-systolic
wall stress and the velocity of circumferential fiber short-
ening was inversely linear with a correlation coefficient of
—( 72 (Fig. 1). By rate-correcting the velocity of short-
ening, a better correlation (—0.84) with narrower confi-
derce intervals was found (Fig. 2). Previous studies (5.31)
documented that velocity of shortening is rate-dependent
and that the use of rate-corrected velocity of shortening thus
increases the validity of comparisons made between subjects
with disparate heart rates. We have, therefore, used rate-
corrected velocity of shortening for the remainder of the
data analysis.

Figures 3 and 4 present individual plots of the end-
systolic stress/shortening and stressirate-corrected velocity
of shortening relations over a range of afterload conditions,
both with and without preload augmentation in the eight
subjects who received intravenous dextran. Both relations
varied inversely with afterload in all subjects, with slope
vaiues that closely paralleled the mean regression line of
the pooled data (Fig. 2). In each subject, augmentation of
lett ventricular preload resulted in an upward shift of the
end-systolic wall stress/fractional shortening relation in a
minner similar to that seen during a positive inotropic in-
tervention (17). In contrast, the end-systolic wall stress/rate-
corrected velocity of shortening relation was not altered.

Thus, preload variation has no effect on the end-systolic
wall stress/rate-corrected velocity of shortening relation, but
does influence the end-systolic wall stress/fractional short-
ening relation.

Inclusion of the end-systolic wall stressirate-corrected
velocity of shortening data points collected under preload
augmented conditions permitted calculation of the regres-
sion line and confidence intervals for the end-systolic wall
stress/rate-corrected velocity of shortening relation with nor-
mal contractile state over a broad range of afterload and
preload conditions. The results were not different from those
obtained without increased preload. The end-systolic wall
stress/rate-corrected velocity of shortening relation thus ap-
pears to be independent of preload and to incorporate afterload.

The position of the 34 end-systolic wall stressirate-cor-
rected velocity of shortening data points obtained during
dobutamine infusion are illustrated in Figure 5. The en-
hanced contractile state resulted in increased rate-corrected
velocity of shortening values at all levels of end-systolic
stress, with 94% of the dobutamine data points above the
95% confidence interval for the normal end-systolic wall
stress/rate-corrected velocity of shortening relation. When
the subjects were considered individually, there was an up-
ward shift of the linear end-systolic wall stress/rate-cor-
rected velocity of shortening relation in each case (Fig. 6).

The effect of age on the end-systolic wall stress/rate-
corrected velocity of shortening relation is displaved in Fig-
ure 7. The data of all 78 rest studies are pooled in panel
A. The individual groups of patients aged 3 to 18, 18 to 40
and 40 to 75 years are then shown in panels B, C and D,
respectively. For all panels. the confidence intervals from
Figure 2 are shown for comparison purposes. No differences
in these groups could be found. Thus, age does not appear
to influence the end-systolic wall stress/velocity of short-
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Figure 3. Relation of end-systolic wall stress to left ventricular
percent fractional shortening in eight subjects before (closed cir-
cles) and after (open circles) dextran infusion over a wide range
of afterload conditions. In each case, preload augmentation re-
sulted in a significant upward shift (arrows) of the stress/shortening
relation in a manner similar to that seen with positive inotropic
intervention. Linear regression lines before (solid) and after (dashed)
dextran infusion are shown.

ening relation over the broad range of 3 to 75 years. A
similar analysis according to gender did not reveal a dif-
ference in end-systolic wall stress/velocity of shortening
values between male and female subjects.

Discussion

The mean velocity of fiber shortening has been calculated
by several different techniques, depending on the method
used for determining end-diastole and end-systole as well
as measurement of ejection time (2—4,32,33). The approach
used in this study results in highly reproducible determi-
nations of end-systolic and end-diastolic dimension, with
insignificant inter- or intraobserver variation in measurement
(34). Ejection time calculated from externally recorded ca-

(g/cm?3)

Figure 4. Relation of end-systolic wall stress to rate-corrected
velocity of fiber shortening (V) in eight subjects before (closed
circles) and after (open circles) preload augmentation over a wide
range of afterload conditions. There was no significant change.
Linear regression lines before (solid) and after (dashed) dextran
infusion are illustrated.

rotid pulse tracings is not significantly different from an
intraarterial standard (35). When determined by a similar
approach with a combined echocardiogram and carotid pulse
tracing, velocity of shortening correlates well (r = 0.94)
with angiographically determined values (33).
Rate-corrected velocity of shortening. Because veloc-
ity of shortening is calculated as a rate of change in length
per unit length (dl/dt per unit length), it represents a strain
rate (strain is defined as ‘‘change in length per unit length
or dI/L). Conceptually, velocity of shortening represents a
“‘normalized velocity”” and allows one to compare hearts
of different sizes (36,37). Although normalized for end-
diastolic diameter, mean velocity of shortening values are
directly related to heart rate (5,31). This was demonstrated
in the study of Hirshleifer et al. (5), in which a 13% increase
in mean velocity of shortening was induced by a 55% in-
crease in heart rate. However, when velocity of shortening
from the Hirshleifer data is rate-corrected, velocity of short-
ening actually decreases 9%. This decrease in rate-corrected
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Figure 5. Relation of end-systolic stress to rate-
corrected velocity of fiber shortening (V) during
dobutumine infusion in eight subjects, showing the
sensitivity of this relation to inotropic state. Ninety-
four percent of these data points were more than 2
standard deviations above the mean value for con-
trol data (Fig. 2).

RATE CORRECTED V¢
(circ/s)
o

0.8

—_
E-N
T

COLAN ET AL 721
END-SYSTOLIC STRESS-VELOCITY RELATION

0.6 1 1 1 L L S~
0 20 40 60 80 100 120
END-SYSTOLIC WALL STRESS
(g/cm?)

velocity of shortening corresponds to the 7% increase in
blood pressure observed during the higher heart rates and
is the expected response of velocity variables to increased
afterload (4,5). In our study, the use of rate-corrected ve-
locity of shortening resulted in decreased scatter of normal
data and narrowed confidence intervals for the end-systolic
wall stress/velocity relation, thus permitting more mean-
ingful comparison of subjects with different heart rates.
Additionally, this method allows the inotropic and chron-
otropic effects of dobutamine to be distinguished from changes
due to heart rate alone.

Velocity of shortening/force relations. Exploration of
the relation between the velocity of shortening of the con-
tract1le element of muscle and developed force can be cat-
egorized as follows:

Figure 6. Comparison of baseline (closed circles) and increased
contractile state (open circles) values of the end-systolic wall
stre«s/rate-corrected velocity of fiber shortening (V) relation in a
representative subject. During the dobutamine infusion, velocity
of fiber shortening was higher for any equivalent end-systolic wall
stress.
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1) Analysis of the instantaneous forcelvelocity/length re-
lation throughout systole (12,38-40). It is clear that for any
given contractile state, the instantaneous shortening velocity
is determined by the instantaneous force and length (40).
Therefore, simultaneous quantitation of these three variables
permits a comprehensive description of left ventricular sys-
tolic function including contractile state. Difficulties with
this method include the need for the use of a velocity-sensing
catheter (40) and the complex three-dimensional constructs
involved in data analysis. Finally, adequate delineation of
the individual force/velocity/length profile necessitates af-
terload manipulation, usually by pharmacologic means.

2) Calculation of V... By extrapolation from measured
vajues, one can theoretically determine the velocity of con-
tractile element shortening for no load on the ventricle (V)
(41). The theoretical basis and methodologic problems of
this index have been discussed in detail by Mirsky et al.
(37). In addition to uncertainty concerning the correct method
for extrapolating to V... it is inherent within the process
of extrapolation that the error of the calculation increases
as the distance between the point of extrapolation and the
measured data grows larger. It has also been reported that
this index is not independent of preload status (42,43).

3) Relation of mean velocity of fiber shortening to peak
left ventricular wall stress. In some cases, this relation is
able to distinguish normal from abnormal myocardial func-
tion (4.6); afterload manipulation improves this ability (9-11).
Because of the preload dependence of early systolic wall
stress (12), this relation is influenced by end-diastolic fiber
length (6), limiting its value as an index of contractility.

Current study. The force/velocity analysis undertaken
in this study has shown that an inverse linear relation exists
between the mean velocity of fiber shortening and left ven-
tricular end-systolic wall stress. This relation is sensitive to
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Figure 7. Relation of end-systolic wall stress/rate-corrected ve-
locity of shortening (V) to age. Rest data points for all 78 subjects
are illustrated in panel A. Data are then divided into groups aged
3 to 18 years (30 subjects, panel B), 19 to 40 years (25 subjects,
panel C) and 41 to 75 years (23 subjects, panel D). In all cases,
the normal confidence limits from Figure 2 are shown for com-
parison. No influence of age on the end-systolic stress/rate-cor-
rected velocity of shortening relation was discernible.
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altered contractile state, is independent of preload, incor-
porates both afterload and heart rate and can be accurately
determined by noninvasive means without manipulation of
loading conditions.

The lack of influence of end-diastolic fiber length on the
relation of end-systolic wall stress to rate-corrected velocity
of shortening derives from the fact that neither of these
variables is preload-dependent. Although instantaneous ve-

Figure 8. Diagram of the end-systolic wall stress
{o.s)rate-corrected velocity of fiber shortening (Vg
relation. Depressed contractile state (V. low for the
level of o) may be distinguished from situations in
which contractility is normal but afterload is increased
(Ve appropriate for the level of o). Velocity of fiber
shortening, which is high for the level of end-systolic
wall stress, is characteristic of increased inotropic state.
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locity s higher during preload augmentation in papillary
muscle preparations (44) and isolated canine hearts (12),
concomitant prolongation of ejection time and elevation of
early systolic wall stress results in mean velocity of short-
ening values that are independent of preload over the phys-
iologic range (4,7,45). Additionally, end-systolic wall stress,
in contrast to peak stress, is not related to preload status.
When isolated, ejecting canine hearts are subjected to in-
creascd filling volumes while the absolute level of ejection
pressure is held constant, higher early systolic wall stress
(including peak stress) is attained, while end-systolic wall
stress is unchanged (40). Thus, if afterload is defined in
terms of wall stress, then only at end-systole is afterload
independent of preload. This influence of end-diastolic fiber
length on early systolic wall stress results in the preload
dependence of the mean velocity of shortening/peak wall
stress relation. Only by relating mean velocity of shortening
to afterload at end-systole is it possible to define a preload-
independent index of contractility.

This principle is also illustrated by the preload depen-
dence of the end-svstolic stress/fractional shortening rela-
tion documented in this study. Fractional shortening is known
to be preload-dependent, whereas end-systolic stress is not
influenced by end-diastolic fiber length. Comparison of pre-
and post-dextran infusion data points at similar levels of
end-systolic stress (Table 2) shows that fractional shortening
increased 7.6 = 1.9%. Thus, their ratio is responsive to
alterations in loading under conditions that are clearly phys-
iologically relevant. This load dependence limits the use-
fulness of the stress/shortening relation as an index of con-
tractile state. As also shown in Table 2, the concomitant
7.1 = 4.9% increase in ejection time during preload in-
fusion resulted in the velocity of shortening being un-
changed. Figure § illustrates the use of the end-systolic
stress/velocity of fractional shortening relation for the inter-
pretation of clinical data. For any given end-systolic stress,
a ncrmal range of rate-corrected velocity of shortening val-
ues can be defined. It is thereby possible to distinguish
reduced velocity of shortening due to excessive afterload
from the effects of depressed contractility. Both rate-cor-
rected mean velocity of shortening and wall stress are nor-
malized for heart size, permitting comparison of patients
with different heart sizes and ages. Normalization of mean
velocity of shortening for heart rate enables inter- and in-
trapatient comparison under changing physiologic conditions.

Limitations. The potential limitations of this method of
left ventricular wall stress quantitation have been previously
discussed in detail (17,22,23). It should be noted that mea-
surements from multiple cardiac cycles were averaged for
eacn wall stress and rate-corrected velocity of shortening
computation. Additionally, conclusions are based on the
analysis of individual responses over a wide range of af-
terload conditions. By these means, the influence of random
measurement error is minimized. This method of quantifi-
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cation of meridional wall stress as a measure of left ven-
tricular afterload yields accurate results by noninvasive
methods (46). Although quantitatively different from cir-
cumferential wall stress, these two measures of afterload
correlate well (47) and relate similarly to left ventricular
performance (48). Even in conditions with altered left ven-
tricular geometry, such as aortic regurgitation and conges-
tive cardiomyopathy, a correlation of 0.94 has been found
between the two orthogonal stress determinations (20). We
chose to use meridional wall stress as a measure of afterload
in this analysis because of the ease and reproducibility of
the measurements involved. Clinical conditions in which
the usual relation of meridional and circumferential wall
stress is significantly disturbed may require an alternative
approach.

Clinical implications. The end-systolic stress/rate-cor-
rected velocity of fiber shortening relation is obtainable in
the rest state by noninvasive means without need for alter-
ation of loading conditions, rendering it ideal for longitu-
dinal studies assessing the effects of therapeutic interven-
tions, disease progression and so forth. In particular, this
index may be especially advantageous in situations in which
preload status is either unpredictable or known to be ab-
normal, such as hereditary anemias, vasodilator therapy or
the postoperative state. Further investigations of the clinical
utility of this method are needed.

We thank Kathleen O’Brien and Emily Flynn for their assistance in prep-
aration of this manuscript.
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