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A B S T RA C T The mechanical properties of left
ventricular contraction were described in terms of
tension, velocity, length, and time in closed-chest,
sedated dogs in which a large aorto-caval fistula
had resulted in circulatory congestion, and the
results were compared with those in normal dogs.
Instantaneous contractile element velocity was cal-
culated from left ventricular pressure and its first
derivative during isovolumic left ventricular con-
tractions produced by sudden balloon occlusion of
the ascending aorta during diastole. A range of
ventricular end-diastolic volumes was induced and
heart rate was controlled at 150 beats/min. Wall
tension (stress) was derived from ventricular
pressure and volume, the latter being obtained
from the pressure-volume relation of the passive
ventricle. Extrapolated velocity at zero tension,
Vmax, averaged 3.0 circ/sec in the normal dogs
and 2.9 circ/sec in the seven dogs with an aorto-
caval fistula and fluid retention; in only one of
these seven animals was Vmax below the lower
limit of normal of 2.7 circ/sec. Isovolumic tension
(PO) in dogs with aorto-caval fistulas tended to
be slightly greater than normal at low ventricular
filling pressures, and there was no difference in
P. between the two groups of animals at high
ventricular filling pressures. Time to peak pres-
sure averaged 151 ± 6 (SE) msec (normal 139
± 3). Left ventricular weight averaged 6.32 ±0.23
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g/kg of initial body weight (normal 5.25 + 0.56
g/kg) (P < 0.001), which reflected moderate ven-
tricular hypertrophy, and ventricular internal vol-
ume at a given filling pressure was increased
proportionally. Therefore, the ventricular contrac-
tile state usually was normal in the dog with a
large aorto-caval fistula, and it is proposed that
mechanisms for fluid retention that results in
circulatory congestion were activated because of
the large hemodynamic burden despite normal
myocardial contractile properties.

INTRODUCTION

The general hemodynamic manifestations of a
large systemic arteriovenous fistula have been
well documented. In man the cardiac output,
heart rate, and right atrial pressure are elevated,
arterial pulse pressure is increased (1-4), and the
blood volume is expanded (5). Similar effects
have been observed in the dog with an experi-
mentally induced fistula (6-10), and a reduction
in peripheral blood flow (7) and renal blood flow
(10) also has been observed. In addition, maxi-
mum cardiac output, attainable by transfusion,
may be greater in dogs with an arteriovenous
shunt than in normal dogs, whereas the maximum
stroke work is less (8). However, little informa-
tion is available concerning the functional state of
the ventricular myocardium in the presence of a
large systemic arteriovenous fistula. Accordingly,
in the present study, left ventricular tension-
velocity relations were measured in closed-chest
sedated dogs with a large aorto-caval fistula and
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these were compared with those obtained in a
group of normal dogs studied previously (11).
\Ve found that the contractile state of the left
Xventricle usually is normal in the dogs with a
large aorto-caval fistula, despite marked elevation
of left ventricular end-diastolic pressure, ascites,
and edema.

METHODS

Mongrel dogs weighing between 16.4 and 23.6 kg were
prepared before study as described previously (11). In
brief, a median sternotomy was performed under pento-
barbital anesthesia, the left lateral aspect of the peri-
cardium was opened from apex to base and its lower free
edge was sutured to the left chest wall to facilitate later
percutaneous needle puncture of the left ventricle. The
pericardium was left widely open. A Fi-nch band of
Teflon tape was placed around the ascending aorta to
provide support for balloon inflations. Electrodes were
then sutured to the right atrial appendage, the ends of
the lead wires implanted subcutaneously, and the chest
closed with drainage. The fifteen dogs constituting th2
normal control group were those described previously
(11). In the group of nine experimental dogs, 2 wk after
the initial operation, a side-to-side, infrarenal, aorta-caval
anastomosis 11-16 mmlong and 5-7 mmin diameter was
constructed, and these animals were studied after a fur-
ther period that averaged 40 (29-49) days. Because these
dogs usually were not studied until evidence of gross fluid
retention appeared, a number of others died in pulmo-
nary edema before study.

As previously (11), for the experimental procedure
all animals were sedated with morphine (3 mg/kg),
promazine (1.5 mg/kg), and promethazine (1.5 mg/kg)
by intramuscular injection. Local anesthesia with xylo-
caine was used for all catheter insertions. Aortic pres-
sure was measured through a polyethylene cannula
passed into the thoracic aorta from the right femoral
artery and left ventricular pressure was obtained through
a short, stiff, polyethylene cannula (PE No. 220)
that was inserted by direct percutaneous puncture with
a No. 19 spinal needle as a trocar, and attached di-
rectly to a pressure transducer. Intraventricular pres-
sure was referred to the level of the mid left ven-
tricular (LV) cavity determined directly at the comple-
tion of each experiment. Intrapleural pressure (IPP)
was measured through a self-retaining Foley catheter in-
serted through the right chest wall, and LV transmural
pressure, which was used in all calculations, was ob-
tained by subtraction of IPP from the measured LV
pressure. The first derivative of LV pressure, LV dp/dt,
was obtained with an analog differentiating circuit.' All
pressure were measured with Statham P23Db transducers
and recorded with the electrocardiogram on a multichan-
nel oscillograph 2 at a paper speed of 100 mm/sec. Cardiac

1 Electronic Gear, Inc., Valley Stream, N. Y. Model
No. 5602.

2 Sanborn Company, Waltham, Mass. Model No. 350.

output was measured in duplicate in the normal dogs by
superior vena caval injection of indocyanine green dye
with aortic sampling; the standard deviation of cardiac
output measurements by the method of paired measure-
ments was 0.25 liter/min, 10.2%o of the measurement. In
the dogs with aorto-caval fistulas, dye was injected into
the mid-left ventricle, via the catheter inserted by percu-
taneous puncture, to avoid distortion of the dilution curve
by rapid recirculation. The standard deviation of the
difference between paired measurements was 0.70 liter/
min, 10.0% of the measurement.

A rubber balloon mounted at the tip of a metal cannula
was passed through the left carotid artery and placed in
the ascending aorta just above the aortic valve (11). The
balloon was rapidly inflated during diastole with 5-18
ml of saline by a power injector 3 triggered from the elec-
trocardiogram. Beats were analyzed only if they showed
features characteristic of isovolumic contractions: a
smooth LV pressure contour, a steady uninterrupted fall
in LV dp/dt after its peak and a progressively falling
aortic pressure. All isovolumic beats used for analysis
were obtained during expiration.

The left ventricular end-diastolic volume (EDV), from
which isovolumic beats originated, was derived from the
transmural end-diastolic pressure (LVEDP) and the
passive pressure-volume relation of the arrested ventricle
was determined after sacrifice of the animal. The appli-
cation of this method to the measurement of end-diastolic
volume in the closed-chest animal has been described in
detail in recent communications (11, 12). A study in
progress in the closed-chest anesthetized dog indicates a
good agreement between left ventricular volume mea-
surements made by this method and those made using
biplane cineangiography.4

Calculations
The left ventricle was assumed to be a sphere, and an

even distribution of left ventricular mass around the
cavity, as well as an even distribution of stress across the
ventricular wall, were assumed. Left ventricular wall ten-
sion was then calculated from the modified formula for
a thin-walled sphere as: T = P.r/2h g/cm2, where P =
transmural ventricular pressure in g/cm2; r = internal
radius in cm; and h =wall thickness in cm, as detailed
elsewhere (11). The units of T, g/cm2, are those of
stress; this value is considered to represent mean wall
stress, and although no information is available on a
true stress distribution across the wall, it is reasonable
to assume that this value is close to the stress existing
at the mid-wall. The term tension is used interchangeably
with the term stress, and is expressed as total tension,
end-diastolic tension, and the difference between these,
active tension.

Contractile element velocity (VcE) during isovolumic

3 Cordis Power Injector, Cordis Corp., Miami, Fla.
4 A comparison of left ventricular volume measurements

by biplane cineangiography and passive pressure-volume
relations. Gault, J. H., R. R. Taylor, K. O'Brien, J. W.
Covell, and J. Ross, Jr. In preparation.
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contractions was calculated as described previously (11).
The rate of elongation of the series elastic, SE, (dl/dt)
and VcE are assumed to be essentially equal in isovolumic,
contractions and

/d= dl/dt = VcE, cm/cm per sec
K.p

(muscle lengths/sec, or circumferences/sec) (11). K was
taken to be 28 in all experiments in accord with values
found in the dog's intact left ventricle (13, 14), and with
the lowest value of K found in cat isolated papillary
muscle (15). In separate experiments, using a quick re-
lease method the series elasticity of cat papillary muscle
was found to be unchanged by the induction of ventricular
hypertrophy 5 supporting the use of the same elasticity
constant in the two groups of animals.

During the experimental procedure, the rectal tem-
perature of the dogs was between 360 and 380C. Arterial
oxygen saturation averaged 92%7 (range, 80-96%) in the
dogs with aorto-caval fistulas and 93%o (range, 88-100%y)

5 Parmley, W. W., J. F. Spann, Jr., R. R. Taylor, and
E. H. Sonnenblick. The Series elasticity of cardiac muscle
in hyperthyroidism, ventricular hypertrophy, and heart
failure. Submitted for publication.
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in the normal dogs. The arterial blood pH was 7.33
(range, 7.27-7.41) and 7.31 (range, 7.24-7.37) in the ex-
perimental and control animals, respectively, and arterial
lienatocrit values were 36% (range, 35-38%) and 40%o
(range, 37-43%o), respectively. These studies showed no
detectable differences between the arterial blood oxygen
saturations and the blood pH values in the control and
the experimental groups, although slight arterial desatu-
ration existed in both. Control measurements were made
with the dogs resting quietly in the supine position.
After these measurements the dog's blood was exchanged
with fresh blood obtained from donor dogs lightly anes-
thetized with sodium methohexital.r6 The previously im-
planted right atrial electrode leads were attached to a
stimulator s and heart rate subsequently was maintained
constant in each dog at average levels of 150.6 ±I 5.6 (SD)
in the normal animals and 152.4 ±-I 6.6 in the dogs with
aorto-caval fistulas. Isovolumic contractions were then
obtained over a wide range of transmural end-diastolic
pressures obtained by infusion of the previously exchanged
donor blood, and by bleeding.

6 Brevital sodium. Eli Lilly & Co., Indianapolis, Ind.
7 American Electronic Laboratories, Inc., Model No.

104-A.
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FIGURE 1 Recordings from a normal dog (panel A) and a dog with an aorto-caval
fistula (panel B). Representative recordings made at spontaneous heart rate and ven-
tricular filling pressure. Arrows indicate points at which balloon has been inflated to
produce isovolumic contractions. ECG= electrocardiogram; LVP = left ventricular
pressure; LV dp/dt = rate of change of LVP; IPP = intrapleural pressure; AP =

aortic pressure.
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TABLE I
Initial Hemodynamic

Body LV Heart Aortic
wt wt rate pressure

kg g/kg beats/min mmHg

Normal (15) 19.3 :1 2.5 5.25 :1 0.56 125 + 38 133/94 i 20/17

Aorto-caval fistula (9) 20.3 ± 1.7 6.32 i 0.70§ 138 i4 20 154/75 :1 22/17
(23.3 + 4.0)1

Significance of difference, P NS ( <0.01)t < 0.001 NS < 0.021

* Mean values + 1 SD. Aorto-caval fistula group includes two animals without clinical evidence of fluid retention;
LV = left ventricle; wt = weight; LVEDP = transmural left ventricular end-diastolic pressure; EDV = left ventricular
end-diastolic volume; SV/EDV = stroke volume/end-diastolic volume ratio.

Weight at time of experiment. Other weights refer to initial weights at time of preparative surgery.
§ LV wt referred to initial weight.

Systolic pressure higher and diastolic pressure lower in aorto-caval fistula group, both P < 0.02.

Comparisons of mean values from the two groups of
animals were made by the two-tailed Student's t test.

RESULTS

Seven of the nine animals studied had prominent
fluid retention with between 600 and 5100 ml of
ascitic fluid, edema most marked in the hind limbs,
and increases in body weight averaging 4.6 kg
despite obvious muscle wasting. Three of these
dogs also had pleural effusions of up to 500 ml

20 A
No10mol P<0.02

Aof -C/o Fi/l

SE

15

10- PcO.05

5 P<0.005

-10 20 30
LV VOLUMEm /O kg body wt

40

and most exhibited dyspnea. Two of the nine did
not have evidence of fluid retention, and in these
dogs body weight did not increase from the time
of preparative surgery to study.

Fig. 1 shows typical recordings from a normal
dog and from a dog with an aorto-caval fistula in
which the spontaneous heart rates were approxi-
mately equal. Isovolumic contractions were pro-
duced by rapidly inflating the ascending aortic

LV VOLUMEmi/lOOg LV

FIGURE 2 Left ventricular pressure-volume curves in normal dogs and in dogs
with an aorto-caval fistula. Volume is expressed per kilogram of animal body
weight in panel A and per 100 g of left ventricle in panel B. Values are mean 1

SE. P values in panel A refer to the significance of the difference between group
means. There was no significant difference between the two groups in panel B.
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Measurements: Mean Values*

Peak iso- Total iso-
Cardiac volumic volumic

LVEDP EDV output SV/EDV pressure tension

mmHg ml liter/min mmHg g/cm2
(ml per min per kg)

7.1 2.3 40.5 4 10.3 2.44 0.86 0.50 : 0.13 251 4 55 332 1 105
(124 4 33)

27.6 ± 4.1 77.7 17.6 6.99 A 1.70 0.67 A: 0.12 307 4 23 543 4 53
(347 1 64)

< 0.001 < 0.001 < 0.01 < 0.01 < 0.01 < 0.001

balloon at the arrows. From a transmural left
ventricular end-diastolic pressure (LVEDP) of
5.7 mmHg the isovolumic contraction in the
normal dog reached a pressure of 210 mmHg and
tension 206 g/cm2 whereas the LVEDP in the
dog with an aorto-caval fistula was 26-1 mmHg,
peak isovolumic pressure 341 mmHg, and tension
616 g/cm2. The mean values in the normal dogs
and in the nine dogs with an aorto-caval fistula
for body weight, left ventricular (LV) weight,
and for resting hemodynamic measurements made
before cross transfusion and control of heart rate,
are presented in Table I. The hemodynamic mea-
surements in the two dogs without clinical evi-
dence of fluid retention conformed to those of the
others in this group. Mean transmural right atrial
pressure was measured in five animals, all of
which had fluid retention, and these had slightly
elevated pressures (average 7.8 mmHg). The
transmural left ventricular end-diastolic pressures
(LVEDP) were markedly elevated, ranging from
21.0 to 32.7 mmHg (average, 27.6 mmHg).
The LV weight in Table I is referred to body
weight at the time of initial preparative surgery
and was significantly greater in the aorto-caval
group than in the normal (P < 0.001).

Fig. 2 shows mean pressure-volume curves for
the left ventricle in each group of animals. For a
given filling pressure the LV volume per unit of
initial body weight was significantly greater in the

aorto-caval group than in the normal; however,
LV volume per unit of LV weight was not differ-
ent in the two groups.

Subsequent results were obtained after cross
transfusion and control of heart rate. Since Vma.
was normal in the two aorto-caval dogs without
fluid retention (3.3 and 3.0 circ/sec), these dogs
have been excluded from all subsequent analyses

500 - Normal

S Aorto-Caval Fistula P>0.6
Nl I±ISE

CP

0 P<0.025

w300

o 200-
0..
U)

-j

H100
0

4-8 8-12 12-16 16-20
LV END-DIASTOLIC TENSION g/cm2

FIGURE 3 Total isovolumic tension in normal dogs and in
dogs with an aorto-caval fistula and fluid retention at
four levels of left ventricular end-diastolic tension. P val-
ues refer to the significance of the difference between
means for the two groups.
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lest it be considered that they might have biased
the results toward the normal.

Tension-velocity relations derived from iso-
volumic contractions in the dogs with an aorto-
caval fistula were qualitatively similar to those in
the normal dogs (11), an approximately hyper-
bolic relation between tension and velocity being
established after 30-40 msec of contraction and
continuing until 30-40 msec before peak tension
(P.,) was reached. Vmax, obtained by visual ex-
trapolations of the tension-velocity relations was
not obviously changed by changing left ventricular

filling in individual animals of either group, Vmax
averaging 3.0 + 0.07 (SE) circ/sec in the 15
normal and 2.9 ± 0.13 circ/sec in the seven aorto-
caval dogs. In only one of the latter was Vmax
below the normal range of 2.7 to 3.5 circ/sec;
this animal with a Vmax of 2.2 circ/sec had the
most extreme evidence of fluid retention, its
weight had increased from 19.5 to 27.3 kg and
4 liters of ascitic fluid and 500 ml of pleural fluid
were present. The time to peak pressure and ten-
sion averaged 139 ± 3 (SE) msec in the normal
and 151 ± 6 msec in the aorto-caval group, a

A

A~~~~~~~~

A

A Aorto Coval Fistulo

Normo
Mean± SD

10 20 C0

LV END- DIASTOLIC TENS!ON g/ cm2

40

FIGURE 4 Active isovolumic tension plotted against left ventricular end-diastolic
tension. Individual observations in seven dogs with an aorto-caval fistula and fluid
retention, and the normal mean curve + 1 SD derived from 89 observations in 15
normal dogs are shown.
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FIGURE 5 Mean active tension-velocity relations, in no3rmal dogs and in dogs with an aorto-caval fistula and

fluid retention, at each of three levels of transmural left ventricular end-diastolic pressure (LVEDP). P values

refer to the significance of the differences between mealis in the two groups of animals.

difference not quite significant at the 0.05 level
(t = 2.070, n = 20).

Increasing left ventricular end-diastolic pressure

increased P0 in contractions from both groups of
animals, and further comparisons of P0 and ten-

sion-velocity relations were made with observa-
tions grouped both according to LVEDP and
according to end-diastolic tension. Fig. 3 shows
that at low levels of end-diastolic tension, P0 was

higher in the aorto-caval group than in the normal
group, but there was no significant difference at

higher levels of ventricular filling. A similar result
is apparent from Fig. 4, in which active isovolumic
tension is plotted against end-diastolic tension for
all individual observations in the aorto-caval dogs
and a mean curve 1 SD is plotted for the obser-
vations in the normal dogs, and also can be seen

in Fig. 5, in which observations are grouped
according to LVEDP.

In Fig. 5 the mean tension-velocity relations,
obtained by calculating mean tensions at the
selected velocities indicated, are shown for the nor-

mal and aorto-caval animals for the LVEDP
groups 5-7, 7-10, and 10-15 mmHg. The curves

in the dogs with aorto-caval fistulas tend to lie

to the right of the normal, but the differences were

significant only at the lower LVEDP's, and in

that part of the curves at which tension is high.
Similar relations were apparent when the observa-

tions were grouped according to end-diastolic

tension.

DISCUSSION

The general hemodynamic findings, consisting of
a high cardiac output, elevated left ventricular
end-diastolic pressure (LVEDP), and augmented
aortic pulse pressure in the dogs with an aorto-
caval fistula, conform to those previously found
in the presence of a large arteriovenous fistula in

the experimental animal (6-10) and in man

(1-4). The high pressure and tension develop-
ment by isovolumic contractions originating from
the high LVEDP in the dogs with an aorto-caval
fistula tFig. 1) and the higher ejected fraction,
SV/EDV, in ejecting beats, also are not unex-

pected since both isovolumic pressure development
(11) and muscle fiber shortening, and hence SV/
EDV (16), are influenced by ventricular filling.
The most striking of the present results, however,
is that in only one of the seven animals with an

aorto-caval fistula, circulatory congestion, and
marked fluid retention, was left ventricular con-

tractility depressed below the normal range, as

judged by tension-velocity relations, Vmax, and
isovolumic tension development. The mean ten-
sion-velocity relations of these seven animals ac-

tually lay somewhat to the right of the normal
relations at lower filling pressures in that peak
insovolumic tension (P.,) tended to be a little
higher than normal. Tension was derived in units
of stress, so that the higher P0 cannot be explained
simply on the basis of a greater muscle mass.

The importance of comparing tension-velocity
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relations and P0 at similar levels of LVEDPor of
end-diastolic tension (stress) in the intact ventri-
cle has been emphasized in recent communications
(11 and footnote 8) and the results were the same
with either method of standardization. It could be,
however, that even end-diastolic tension is not
an entirely adequate normalizing factor under the
present conditions, since if stress relaxation oc-
curred in elements parallel to the contractile ele-
ments, then a dissociation could occur between
end-diastolic stress and end-diastolic sarcomere
length, the ultrastructural determinant of contrac-
tile force (17). Another factor which may have
been partly responsible for the slightly higher
PO's in the dogs with an aorto-caval fistula was
the tendency for isovolumic contractions in these
dogs to have a greater time to peak pressure and,
hence, presumably greater duration of active state
(18) than contractions in the normal dogs. Either
or both of the above factors could explain the
slightly higher P0 in some experiments in which
Vmax was normal.

The contractile state of the left ventricle sub-
jected to a large chronic flow load produced ex.
perimentally in the dog has not been well docu-
mented previously. Ferguson, Gregg, and Shadle
(8) found that the maximum cardiac output at-
tainable by transfusing dogs that had an aorto-
caval fistula was greater than that reached in
normal dogs, although the maximum stroke work
was less since the aortic pressure did not increase
as much with transfusion in the dogs with an
aorto-caval fistula as in the normal animals. Thus,
whereas these findings suggested that left ven-
tricular function was not depressed, no firm con-
clusions could be drawn. It is apparent from the
present study that elevation of left ventricular end-
diastolic pressure by a large flow load is not in-
dicative of left ventricular myocardial failure as
is sometimes implied (19). Even in the presence
of marked circulatory congestion and fluid reten-
tion, left ventricular contractility was usually nor-
mal in the dogs with an aorto-caval fistula; in
only one animal with the severest degree of con-
gestion were the left ventricular tension-velocity
relation and Vmax depressed.

8 Taylor, R. R., J. W. Covell, and J. Ross, Jr. Influence
of the thyroid state on left ventricular tension-velocity
relations in the intact, sedated dog. Submitted for publi-
cation.

That the present methodology is capable of
detecting and characterizing a depression of left
ventricular contractile state is indicated by the
depression of the left ventricular tension-velocity
relation and Vmax recently found in the intact
hypothyroid dog (without evidence of circulatory
congestion) and the elevation of the tension-
velocity relation and Vmax found in the hyper-
thyroid dog.8 It also has been shown in acute
experiments that this approach provides a more
sensitive indication of alterations in contractile
state than does the ventricular function curve
(20). The usual finding in the present study of
normal contractility in the dog ventricle subjected
to a large chronic flow load contrasts with the
depression of contractile state, considered to oc-
cur in the dog's left ventricle subjected to a chronic
pressure load, as indicated by a lower maximum
force development per unit mass of the left ven-
tricle in response to aortic occlusion in the chroni-
cally loaded ventricle compared with that in the
normal (21). In the cat's right ventricle subjected
to a chronic pressure load, depression of the
tension-velocity relation and Vmax have been docu-
mented both in vitro and in vivo (22, 23).

Despite normal function per unit of left ven-
tricular muscle, and despite the additional com-
pensatory mechanism of ventricular hypertrophy
evidenced by the increase in ventricular weight
relative to body weight, edema and ascites were
present in seven of the nine dogs with an aorto-
caval fistula studied. The mechanisms of fluid
retention in the dog with an aorto-caval fistula
have been well documented by previous workers.
A large systemic arteriovenous shunt, under either
acute or chronic conditions, leads to a fall in renal
blood flow (10, 24), as well as reductions in flow
to other organs and the limbs (7, 9). Renal plasma
flow and glomerular filtration rate are decreased,
and there is an increased production of aldosterone
(1), presumably mediated by the renin-angioten-
sin system (25). This response appears related to
some function of renal perfusion (10) and/or to
pressure in other parts of the arterial tree (26).
Sodium and water retention are considered to
result from the increased aldosterone production,
whereas the changes in renal plasma flow and
glomerular filtration may or may not be important
(10, 26). It should be noted that these mechanisms
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for fluid retention are primarily dependent upon
changes on the arterial side of the circulation.

Not only is there little evidence for mechanisms
of fluid retention primarily dependent upon right
heart or systemic venous distension, but right
atrial distension, in fact, leads to a decrease in
aldosterone production (27); moreover, the infra-
renal aorto-caval shunt was associated with only
modest elevations of right atrial pressure in this
study, as in a previous investigation by Davis,
Urquhart, Higgins, Rubin, and Hartroft (10).
The production of isolated tricuspid regurgitation
in the dog, leading to elevations of right atrial
pressure of approximately the same magnitude,
does not lead to ascites and edema although the
response to a salt load is abnormal (28); the fluid
retention which results from the combination of
pulmonary stenosis and tricuspid regurgitation has
been considered to be a function of changes on the
arterial side of the circulation (25). Elevation
of renal venous pressure would not appear to be
an important determinant of the fluid retention,
since sustained elevation of renal venous pressure
by partial constriction of the inferior vena cava
does not lead to sustained changes in renal blood
flow, glomerular filtration rate, or sodium ex-
cretion (29).

The concept that congestive circulatory failure
and cardiac muscle failure are not synonymous
under clinical circumstances in man is well de-
scribed (30, 31). However, the cardiac lesions
leading to fluid retention in the presence of normal
myocardial function usually have been confined to
mechanical abnormalities such as valvular or con-
strictive lesions, and adequate techniques for the
assessment of myocardial function in the intact
animal have not been available. The present study,
demonstrating normal left ventricular function in
the presence of a large volume load, elevated left
ventricular end-diastolic pressure, and circulatory
congestion emphasizes that mechanisms for fluid
retention may be brought into play by a disparity
between the requirements for blood flow and
the heart's ability to meet those requirements.
Whereas in many situations such a disparity re-
sults from depression of myocardial function in
the presence of a normal circulatory load, in the
present study the disparity apparently resulted
from the inability of the normal heart to maintain

pressure and flow in the peripheral circulation in
the face of a large runoff through the fistula.
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