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A B S T R A C T Evidence is presented supporting the hy-
pothesis that the positive inotropic effect after an abrupt
increase in systolic pressure (Anrep effect) is the re-
covery from subendocardial ischemia induced by the in-
crease and subsequently corrected by vascular autoregu-
lation of the coronary bed. Major evidence consists of
data obtained from an isolated heart preparation showing
that the Anrep effect can be abolished with coronary vaso-
dilation, and that with an abrupt increase in systolic
pressure there is a significant reduction in the distribu-
tion of coronary flow to subendocardial layers of the
ventricle. Furthermore, the intracardiac electrocardio-
gram shows S-T segment and T wave changes after an
abrupt increase in ventricular pressure similar to that
noted after coronary constriction. Major implications
are that normally there may be ischenia of the suben-
docardial layers tending to reduce myocardial contrac-
tility which may account, in part, for the positive ino-
tropic effect of various coronary vasodilators; that with
an abrupt increase in ventricular pressure the subendo-
cardium is rendered temporarily ischemic, placing the
heart in jeopardy from arrhythmias until this is cor-
rected; and that end-diastolic pressure and the intra-
cardiac electrocardiogram may provide a means of
evaluating the adequacy of circulation to subendocardial
layers in diseased ventricles when systolic pressure is
abruptly increased.

INTRODUCTION
In 1912 Knowlton and Starling (1) as well as Anrep
(2) noted that if left ventricular systolic pressure was
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abruptly increased in a heart lung preparation by in-
creasing resistance to outflow, a positive inotropic effect
developed subsequent to the increase, as manifested by a
decrease in left ventricular end-diastolic pressure and
volume while systolic pressure was maintained constant.
As Starling observed this effect to be accompanied by an
increase in coronary flow he later attributed it to "im-
proved nourishment of the muscle" (3, 4). In 1959
Rosenblueth, Alanis, Lopex, and Rubio (5) noted that
the effect was independent of changes in coronary flow
and in 1960 Sarnoff, Mitchell, Gilmnore and Remensnyder
(6) showed the effect to persist even when coronary flow
was maintained constant thereby casting doubt on the
hypothesis proposed by Starling.

A thought-provoking review of this phenomenon,
termed by Sarnoff and Mitchell the "Anrep" effect (7),
was published by Blinks and Koch-Weser in 1963 (8).
Essentially, they concluded that the mechanism of the
Anrep effect still remained obscure. They, too, dismissed
the coronary flow hypothesis of Starling, in view of the
findings of Rosenblueth et al. (5) and Sarnoff et al. (6).
As the effect was noted in reserpinized preparations (8,
9) they were disinclined to implicate catacholamines in
its mechanism. Despite the fact that Sarnoff et al.
showed an efflux of potassium from the heart after a
sudden increase in systolic pressure (10) Blinks and
Koch-Weser pointed out differences between the Anrep
effect and the Bowditch effect, making it doubtful that
similar mechanisms were involved. Foremost in these
differences was the observation that the Anrep effect is
not found in cardiac muscle strip preparations (8, 11).

Later, a report from this laboratory showed the effect
to be decreased, but not abolished in an isolated heart
preparation treated with propranolol (9). Here it was
postulated that at least part of the mechanism could be
attributed to catacholamines as norepinephrine has been
shown to be released by the ventricle in quantities
roughly proportional to systolic pressure (12, 13). Ad-
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mittedly, however, these authors were unable to ascribe
a single mechanism to explain completely the "Anrep"
effect (9).

Mindful of the findings of Blinks and Koch-Weser (8)
as well as Gilmore, Cingolani, Taylor, and McDonald
(11) that the effect is not seen in muscle strip prepara-
tions, but only seen in intact hearts, and mindful that
coronary flow is not present in muscle strip preparations
it was decided to attempt to study, in depth, the inter-
relationships of coronary flow and the "Anrep" effect
using an isolated heart preparation. From these studies
evidence was obtained which suggests that the "Anrep"
effect, rather than being due to an increased state of
contractility or intrinsic adaptation that appears subse-
quent to an abrupt increase in ventricular pressure
(5-11, 14), is more accurately described as the recovery
from a negative inotropic effect caused by the abrupt in-
crease. Further evidence was obtained suggesting that
subendocardial ischemia is responsible for the negative
inotropic effect, a condition which is stubsequently cor-
rected by vascular autoregulation of the coronary bed
with a redistribution of coronary flowr.

This hypothesis, far from being novel, was at least
in part implied by Starling and others who used the
term "recovery" when describing the effect (2, 3). The
object of this report is to present evidence supporting
this position and discuss its physiological and clinical
implications.

METHODS
The isolated heart prcparation. The basic preparation has

been described previously in detail (15, 16). Only slight
modifications of the original design were made to permit
rapid stabilization of systolic pressure. Fig. 1 is a schematic
diagram of the modified preparation.

As previously described (15, 16), hearts with lungs
attached were excised as quickly as possible from heparinized
healthy mongrel dogs weighing 11-25 kg under chloralose
(60 mg/kg) and urethane (900 mg/kg) anesthesia. After
excision, the hearts were immediately perfused with blood
from the femoral artery of a healthy, similarly anesthetized
and heparinized, donor dog. As illustrated in Fig. 1, arterial
blood from the donor was directed retrograde into the aorta
of the isolated heart using a peristaltic pump (Harvard
Apparatus Co., Inc., Millis, Mass., model 1215). A Starling
resistance was used to maintain the pressure of the perfus-
ing blood constant at approximately 100 mmHg, and a small
(20 ml) air chamber was connected to the aorta to insure
a relatively nonpulsatile flow.

With the heart perfused, the pulmonary artery was cannu-
lated and both vena cavae ligated. All coronary venous blood
was directed, therefore, through the pulmonary artery can-
nula and, in turn, through a section of thin walled, com-
pliant tubing (0 inch Penrose drain). The latter was located
5 cm below the level of the heart and served to dampen
the pulsations of coronary venous flow. From there blood
was directed to a rotameter (Fischer & Porter Co., War-
minster, Pa., 36-541-22) and returned to the donor. Total
coronary flow was measured by the rotameter while the

coronary sinus pressure was maintained at a constant,
slightly negative pressure.

After cannulation of tlle pulmonary artery, the peri-
cardium was incised and the right atrium opened. The
bundle of His was ligated and electrocoagulated to insure
a complete heart block. A selected ventricular rate could
then be maintained by electrical stimulation of the distal
portion of the ligated His bundle with a pulse generator.
Through the opening in the right atrium a plastic covered,
stranded, stainless steel wire snare was positioned circum-
ferentially around the outside of the left ventricle and
septum at the maximum diameter of the ventricle and
maintained in position with loose sutures. As shown in
Fig. 1 the snare was mechanically attached to a linear
displacement transducer (Hewlett-Packard Co., Walthami,
Mass., Linearsyn 585 DT) thereby allowing the transducer to
mneasure the circumferenice of the left ventricle continuously.

After closure of the riglht atriotomy a small cardiac
catlheter (I.D. 1.0 mm) and a large canniula (I.D. 5.0 mnm)
were inserted into the left ventricle by way of the pulmo-
nary veins. The catheter was attached to a linear differential
transducer (Sanborn 267B, Hewlett-Packard Co.) for con-
tinuous measurement of left ventricular pressure. The can-
nula was attached to the Starling resistance shown on the
upper right of Fig. 1. By adjusting the pressure applied
to the Starling resistance the peak left ventricular pressure
could be maintained at a predetermined level.

After perfusion was established and the catheters inserted,
the individual pulmonary lobes were ligated at the hilus and
removed, and the heart immersed to the level of the coronary
ostia in a bath of normal saline maintained at 37'C. Cor-
onary perfusion pressure was monitored at the level of the
coronary ostia with a pressure transducer (Sanborn 267B,
Hewlett-Packard Co.). In some experiments the intraven-
tricular electrocardiogram was obtained from a bipolar elec-
trode catheter inserted into the left ventricular cavity
through a pulmonary vein. The perfusion pressure, ven-
tricular pressure, ventricular circumference and the intra-
cardiac electrocardiogram were continuously recorded on a
Sanborn recorder (Sanborn 964, Hewlett-Packard Co.).
The surface of the saline in which the heart was immersed
provided the reference level for the pressure transducers and
was maintained constant by a syphon.

WVhile perfused as described the heart contracted at the
stimulated rate. As the Starling resistance containing the
coronary venous blood was slightly lower than the heart,
the right ventricle was kept empty by a continuous negative
pressure. The left ventricle, on the other hand, contracted
virtually isovolumically at a constant systolic pressure, eject-
ing only that small flow that reached the ventricle from the
aorta via arterioluminal channels (17). The peak systolic
pressure developed by the venitricle was that required to
overcome the pressure applied to the Starling resistance
shown oIn th upper right of Fig. 1. The end-diastolic pres-
sure, on the other hand, was an independent variable which
served to indicate the inotropic state of the ventricle as it
was that which the ventricle required to develop its peak
systolic pressure.

To increase systolic pressure abruptly in the experiments
subsequently described, the valve shown on the upper por-
tion of Fig. 1 was opened after the upper Starling resistance
had been set to the desired pressure. By adjusting the rate
of flow into the ventricle as measured by the rotameter
seen on the upper portion of Fig. 1 the pressure change
could be made to occur within a given period (15 sec).
Similarly, when the valve was closed ventricular pressure
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FIGURE 1 Schematic diagram of isolated heart preparation. Arterial blood is pumped
from femoral artery of donor to aorta of isolated heart while perfusion pressure is
maintained by lower Starling resistance on right. Upper Starling resistance on right
regulates ventricular systolic pressure. Coronary sinus blood is returned viapulmonary
artery to femoral vein of donor. RA, right atrium; LV, left ventricle, RV, right
ventricle; Ao, aorta; PA, pulmonary artery; SVC, superior vena cava; IVC, in-
ferior vena cava.

could be abruptly returned by lowering the pressure applied
to the upper Starling resistance seen in Fig. 1. At all times
the pressure applied to the lower starling resistance ex-
ceeded that applied to the upper so that the coronary per-
fusion pressure exceeded or equaled the peak systolic
pressure.

The determination of mid-wall radius. Left ventricular
mid-wall radius was calculated from the external circum-
ference of the left ventricle at its largest diameter, as
measured directly by the snare (Fig. 1). It was assumed
that in this plane the ventricle could be treated as a thick-
walled sphere (15).

The external radius was calculated as

C
Re =

27r'
where: Re =external radius in centimeters, C=external
circumference in centimeters.

The internal radius was calculated as

a (Cd) (Ce)31i= 227r
where R, = internal radius in centimeters, Cd = external
circumference of the distended ventricle in centimeters, and
Ce = external circumference of the ventricle in centimeters
after being emptied by suction (15).

The mid-wall radius (Rmw) was then calculated as

Ri + Re
Rmw=

2

The determination of relative coronary flow to the inner
and outer layers of the left ventricular wall. In 23 experi-
ments relative coronary flow to the inner and outer layers

of the left ventricular wall, including the septum, was deter-
mined by the injection of radioactive microspheres into the
coronary bed using a previously described technique (18).
For this, gamma-emitting Tracer Microspheres (3M Co.,
St. Paul, Minn.) 15 u (+5) in diameter were used, labeled
either with 1"Ce or 'Sr. These were suspended in an
aqueous solution of 6% dextran, 0.8% NaCl, and 0.5%
Tween 80 (polyoxyethylene sorbitan monooleate). Approxi-
mately 60,000-120,000 microspheres were used with each
injection which averaged 0.8 ml of the suspension. The
activity of each injection was approximately 1.5 ,uCi.

Before injection the suspension was sonicated to avoid
aggregation of the microspheres, and agitated continuously
by hand to provide complete dispersion. During these studies
coronary perfusion pressure was maintained 5-10 mmHg
higher than the peak left ventricular systolic pressure to
insure closure of the aortic valve, and the injection was
made rapidly into the root of the aorta.

After the microspheres were injected the hearts were
promptly removed from the perfusion apparatus. The atria
and right ventricular wall were dissected free and discarded,
and the entire left ventricle and septum divided into inner,
middle, and outer layers. All sections from the three layers
of the ventricle were placed in scintillation vials and counted
with a single channel automatic gamma well counting sys-
tem (Nuclear-Chicago Corporation, Des Plaines, Ill.). The
radioactivity of the inner and outer layer caused by both
isotopes was determined after correcting for the overlap of
their spectral energies, thereby providing a ratio of inner to
outer wall coronary flow points in time corresponding to the
injection of each isotope.

RESULTS
Demonstration of the Anrep effect under control cir-

cumstances. In the preparation used, the systolic pres-
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sure of the isovolumically contracting ventricle was con-
trolled as described in methods while the end-diastolic
pressure served to indicate its inotropic state. A some-
what xnore sensitive measurement of the latter w-as also
provided by the circumferential snare Nhich moniitored
the external diameter of the left ventricle at its equator.

Fig. 2 is a continuous tracing of left ventricular cir-
cumference, left ventricular pressure, and left ventricu-
lar end-diastolic pressure while the systolic pressure was
abruptly elevated from 75 to 150 mmHg and subse-
quently returned. During the period shown by the trac-
ing coronary perfusion pressure was maintained constant
at 150 nmn Hg.

As may be noted from the figure, end-diastolic pressure
and ventricular circumference increased Nith the abrupt
increase in systolic pressure. Subsequently, however,
there was a gradual decline in both ventricular circum-
ference and end-diastolic pressure after the abrupt in-
crease, while the systolic pressure remained constant,
indicating a state of improved contractility which has
been termed the Anrep effect (7).

It should also be noted from Fig. 2 that with a parity
often found in nature, there was what might be called
a "reverse" Anrep effect when the systolic pressure was

returned to 75 mmHg. Both the end-diastolic pressure
and the circumference abruptly decreased after the svs-
tolic pressure was returned to levels distinctly lower than
that noted before the systolic pressure w-as increased and
then gradually approached those control levels. This "re-
verse" Anrep effect has also been described by others
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FIGURE 2 Recording of left ventricular circumference, left
ventricular pressure (low gain), and left ventricular pres-
sure (high gain) when systolic pressure is abruptly altered
while ventricle is contracting isovolumically. Coronary per-
fusion pressure was maintained at 150 mmHg. Upper margin
of circumference is diastole. Note when systolic pressure is
increased from 75 to 150 mmHg end-diastolic pressure and
circumference increase abruptly, but subsequently decrease
indicating improved contractility (Anrep effect). Note also
when systolic pressure is rapidly decreased from 150 to 75
mmHg end-diastolic pressure and circumference temporarily
fall below control levels. (Reverse Anrep effect.)
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FIGURE 3 Recording of left ventricular circumference, left
veentricular pressure (low gain), and left ventricular pressure
(hiigh gain) when systolic pressure is slowly increased over
a 42 min period (left panel) and rapidly increased in 15
sec (right panel). IUplper margin of circumference is dias-
tole. Note in left panel with slox- increase in systolic pres-
sure there was little change in end-diastolic pressure and
circumference once the systolic plateau was reached in con-
trast to right panel where end-diastolic pressure and cir-
cumference gradually decreased subsequent to the abrupt
increase in systolic pressure (Anrep effect). Note also on
left panel absence of demonstrable Anrep effect when sys-
tolic pressure is suddenly lowered and returned after ven-
tricle has beeni contracting isovolumically for several minutes.

(6, 10, 11) but was illustrated here as any hypothetical
mechaniism of the Anrep effect will have to provide an
explanation for the "reverse" effect as well.

At this point, it may be appropriate to emphasize that
the extent of the increase in ventricular end-diastolic
pressure or circumference that followed an abrupt in-
crease in systolic pressure wvas, 'Within limits, a direct
function of the rate at which the systolic pressure was
changed. If, as indicated on the left panel of Fig. 3, the
systolic pressure was gradually increased over a 421 min
period there was virtually no change in ventricular cir-
cumference or end-diastolic pressure once the systolic
plateau had been reached and, therefore, no demonstrable
Anrep effect. This is in contrast to a relatively rapid
(15 sec) increase in systolic pressure to the same level
in the same heart shown on the right panel of Fig. 3,
where the Anrep effect is clearly evident.

In addition, Fig. 3 also serves to demonstate wlhat hap-
pens if the systolic pressure is rapidly lowered andl im-
mediately returned after the ventricle has been con-
tracting at a constant systolic pressure for several min-
utes. UInder these circtimstances, when the systolic pres-
sure is returned there is no discernable Anrep effect, as
may be seen from the left panel of the figure.

The influence of altered coronary flow on the Anirep
eff ect. In 62 control experiments the left ventricular
systolic pressure of the isolated heart was raised from
5 to 100 mmHg in 15 sec (±2). By noting the extent
of the decrease in left ventricular end-diastolic pressure
and left ventricular mid-wall radius after the systolic
plateau had been reached it was possible to provide at
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FIGuRE 4 Recording of left ventricular circumference, cor-

onary perfusion pressure, left ventricular pressure (low
gain), left ventricular pressure (high gain), and coronary
flow when left ventricular pressure is raised from 5 to 100
mmHg in 15 sec under control conditions (panel A) and
when coronary flow was maintained constant (panel B).
Upper margin of circumference is diastole. Note that de-
crease in left ventricular end-diastolic pressure and circum-
ference after the systolic plateau has been reached (Anrep
effect) still occurs when coronary flow is maintained
constant.

least a rough measure of the extent of the Anrep effect
under control circumstances.

An example of this may be found in panel A of Fig. 4
and the average results of all 62 control experiments
found in Table I. Coronary perfusion pressure was main-
tained constant at 100 mmHg during this maneuver. It
should be noted from panel A of Fig. 4 that when the
systolic pressure was increased there was an attending
increase in coronary flow.

In 12 additional experiments, coronary flow was main-
tained constant during the above described maneuver by
compression of the left coronary artery. By manual comn-
pression of the artery while carefully monitoring the ro-

tameter shown on the left of Fig. 1, coronary flow could
be maintained constant at the level noted before the in-
crease in systolic pressure. As illustrated in panel B of
Fig. 4, when coronary flow was maintained constant the
decrease in left ventricular end-diastolic pressure and
circumference that occurred after the systolic plateau had
been reached was comparable to that found in the control
experiment (panel A). The Anrep effect, therefore, could
not be significantly altered by maintaining coronary flow
constant, as has been, noted by others (5, 6).

In an additional series of experiments, the same ma-

neuver of increasing the systolic pressure was attempted
when coronary flow was increased either by increasing
the perfusion pressure or by the administration of various
coronary vasodilators such as aminophylline, sodium ni-
trite, adenosine triphosphate (ATP), or papaverine. The

results of all these studies are included in Table I, and
one study in which coronary flow increased by the ad-
ministration of ATP is illustrated on panel C of Fig. 5.

From this figure two findings should be e.mphasized.
First, with the administration of ATP there was less of
an increase in end-diastolic pressure and circumference
with the abrupt rise in systolic pressure. Furthermore,
once the systolic plateau had been reached, there was
little change in end-diastolic pressure and circumference.
This virtual abolition of the Anrep effect is in contrast
to a control study on the same heart before the infusion
of ATP (Fig. 4, panel A) and after the infusion had
been discontinued (Fig. 5, panel D).
As may be seen from Table I, the Anrep effect could be

significantly reduced by the administration of aminophyl-
line or sodium nitrite in dosages sufficient to cause a
moderate increase in coronary flow. It could be further
reduced by the increase in coronary flow brought about
by an increase in coronary perfusion pressure. With the
administration of ATP or papaverine, in dosages which
caused maximal or near maximal vasodilation of the cor-
onary bed, the Anrep effect could be abolished. Further-
more, a statistical correlation between the values for
coronary flow and percent change in mid-wall radius
noted on Table I was highly significant (P <0.001), a
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FIGuRE 5 Recording of left ventricular circumference, cor-

onary perfusion pressure, left ventricular pressure (low
gain), left ventricular pressure (high gain), and coronary
flow when left ventricular pressure is raised from 5 to 100
mmHg is 15 sec, both when coronary bed was near maxi-
mally dilated by the infusion of ATP (panel C) and after
the infusion had been discontinued (panel D). Upper margin
of circumference is diastole. Note with near maximal
vasodilation of coronary bed there is less of an increase
in end-diastolic pressure and circumference with abrupt rise
in systolic pressure and little change after systolic plateau
has been reached (abolition of Anrep effect) in contrast to
that found after the infusion has been discontinued. Panels
A, B, C, and D of Figs. 4 and 5 obtained in consecutive
order from the same preparation.
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The Effect of Coronary
TABLE I

Vasodilation on the Positive Inotropic

Number Average end-diastolic pressure Significance
of - Significance of difference

Vaso(lilator experiments Initial Final Difference of difference from control

mtit Hg

Coiitrol 62 10.6 2.9 -7.7 P < 0.0005
Aminophylline 10 4.3 -0.1 -4.4 P < 0.0125 P < 0.0(5
Sodium nitrite 10 4.7 1.7 -3.0 NS P < 0.0025
Increased perfusion

presstire 11 3.6 1.9 -1.7 P < 0.025 P < 0.0005
ATP 17 4.4 3.0 -1.4 NS P < 0.0005
Papaverine 10 -0.1 -0.5 -0.4 NS p < 0.0005

In all hearts the left ventricular systolic pressure was increased from 5 to 100 mIn Hg in 15 (42) sec as illus-
trated in Figs. 4 and 5. Initial end-diastolic pressure and mid-wall radius refers to that noted when systolic
plateau was reached. Final values, that noted when enid-diastolic pressure and mid-wall radius had returned.
Coronary flow, that noted after end-diastolic pressure and mid-wall radius had returned. Average rates of

correlation indicating that when coronary flow was great-
est the per cent change in xnid-wall radius was least.

The effect of intcreasing corontary flow zwhile the ven-
tricle is contracting at a constant systolic Pressure. In a

further series of experiments, the effect of increasing
coronary flow either by the administrationi of coronary

vasodilators or by increasing coronary perfusion pres-
sure, was noted while the ventricle contracted iso-
volumically at a constant systolic pressure and heart rate.

After a suitable control period, during which ventricular
circumference and end-diastolic pressure were observed
coronary flow was increased in at least six experiments
either by increasing the coronary perfusion pressure or

by the administration of sodium nitrite or papaverine.
Invariably with the above described intervention there
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CORONARYFLOW -
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S
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FIGURE 6 Positive iniotropic effect of increasing coroniary
flow by increasing coronary perfusion presstire wxhile left
ventricle contracts at a constant systolic pressure and while
left ventricular circumference, left ventricular pressure (lowv
gain), left ventricular pressure (high gain), coronary per-
fusion pressure, and coronary flow are monitored. Upper
margin of circumference is diastole. Note decrease in left
ventricular circumference and slight decrease in end-diastolic
pressure when coronary flow is increased and return to
control levels when coronary flow is returnedl.

w-as a positive inotropic effect manifested both by a de-
crease in end-diastolic pressure aind by a decrease in imid-
wall radius. One of these experiments is illustrated in
Fig. 6 where there is an attending decrease in left ven-
tricular circumference and left ventricular end-diastolic
presstire when coronary flow is increased by increasing
the perfusion pressure and a return in end-diastolic pres-
sure alnd circumference when the perfusion pressure is re-
turned. The results of all of the above described experi-
ments are tabulated in Table II.

Sodium nitrite was specifically selected for this study
as it reportedly does not induce a positive inotropic ef-
fect hlen administered to isolated cat papillary muscle
preparations (19, 20). Papaverine likewise, if anything,
has been shown to depress ventricular contraction in
Langendorff perfused frog and turtle hearts (21, 22)
which, it may be presumed, are in a state of maximal
or near maximal vasodilation. The positive inotropic
effect nioted in Table II, therefore, is probably not due
to any direct action of the drugs on cardiac muscle.

The administration of aminophylline and ATP also
was accompanied by a positive inotropic effect. The
latter two drugs, however, were not included in Table II
as it w-as suspected that their action mlight have been dtue
largely to their direct effect on cardiac muscle.

The rcgionial distributiont of coroniary flow iurin.g ant
(ll)r1ut tincrease inl systolic pressurc. In 17 conisecutive
experimilenits Tracer Microspheres (3M Co., St. Patil,
Mlinn.), 15i in diameter labeled with two different radio-

active isotopes were infused into the coroniary circulationi
as described in Methods. In each of the 17 hearts micro-
spheres labeled vith one isotope were injected while the
left ventricle was rapidly filled so as to arrive as the
systolic plateau was reached, and microspheres labeled
with the other isotope injected later, after the ventricle
had been contracting isovolumically for 4 min.
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Effect that Follows an Abrupt Increase in Systolic Pressure

Average mid-wall radius Significance Average
Per cent Significance of difference coronary Significance

Initial Final Difference difference of difference from control flow from control

mi/min
2.37 2.23 -0.14 -5.89 P < 0.0025 - 114.0 -
2.20 2.08 -0.12 -5.45 P < 0.05 NS 127.9 P < 0.05
2.33 2.25 -0.08 -4.27 NS P < 0.025 154.2 P < 0.0005

2.14 2.11 -0.03 -1.40 NS P < 0.0005 367.0 P < 0.0005
2.15 2.13 -0.02 -0.74 NS P < 0.005 547.7 P < 0.0005
1.76 1.75 -0.01 -0.57 NS P < 0.005 447.7 P < 0.0005

drug administration as follows: aminophylline, 6 mg/min, sodium nitrite, 25 mg/min, ATP, 10 mg/min,
papaverine, 2.5 mg/min. Coronary perfusion pressure was maintained at 100 mmHg except when increased
where indicated from 100 to 180 mmHg.

The heart was then removed and the left ventricle sec-
tioned into inner, middle, and outer layers. By determin-
ing the radioactivity of the inner and outer layers of the
ventricular wall the relative coronary flow to the inner
and outer layers could be determined both immediately
after the abrupt increase in ventricular pressure, when
the end-diastolic pressure was highest, and 4 min later,
when the end-diastolic pressure had returned to a stable
level. In 15 of the 17 hearts there was a decrease in the
distribution of coronary blood flow to the inner layers
of the ventricular wall immediately after an abrupt in-
crease in ventricular pressure, when the end-diastolic
pressure was at its highest, compared to the distribution
observed 4 min later.

In these 17 experiments an attempt was made to cor-
relate the per cent change in the ratio of inner to outer
wall radioactivity that accompanied the abrupt rise in
ventricular pressure with the peak increase in end-dia-

stolic pressure observed. Although correlation between
these two variables was without statistical significance
(r = 0.35) the mean inner to outer wall ratio of radio-
activity averaged 1.47 (+0.09 SEM) immediately after
the ventricular pressure was increased compared to 1.72
(±0.08 SEM) after the ventricle had been contracting
isovolumically at a constant pressure for 4 mnin, a dif-
ference that was significant at the P < 0.025 level.

In six additional hearts, microspheres labeled by one
isotope were injected after the ventricle had been de-
veloping a low systolic pressure (5 mmHg) for a 5 min
period and microspheres labeled by the other isotope were
injected after the ventricle had been developing 100 mm
Hg for a similar length of time. Under these steady-state
circumstances no significant difference in the ratio of
coronary flow to the inner and outer ventricular layers
could be demonstrated. This is consistant with the find-
ings of Domenech et al. (18) who, using a similar tech-

TABLE I I
The Positive Inotropic Effect of Coronary Vasodilation while the Left Ventricle is Contracting

Isovolumically at a Constant Pressure (100 mmHg)

Average
decrease Average Per cent Average Per cent
in end- decrease decrease increase increase

Number of diastolic in mid- in mid- in coronary in coronary
Vasodilator experiments pressure wall radius wall radius flow flow

mmHg cm ml
Increased perfusion 6 1.08 0.05 1.97 62.6 95.8

pressure
Sodium nitrite 6 1.02 0.05 2.32 54.1 100.0
Papaverine 9 5.03 0.21 9.83 232.4 350.8

In all experiments a positive inotropic effect was indicated by a decrease in both end-diastolic
pressure and mid-wall radius when coronary flow was increased by increasing perfusion pres-
sure from 100 to 180 mmHg or by administration of either sodium nitrite (25 mg/min) or
papaverine (2.5 mg/min).
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nique, could demonstrate no significant difference in the
ratio of radioactivity of inner and outer layers of the
working ventricle when compared with the nonworking
ventricle.

The intracardiac electrocardiogramn durinlg an abrupt
increase in ventricular pressure. In the preceding sec-
tions, data have been presented consistant with the hy-
pothesis that ischemia of the subendocardial ventricular
layers accompanies an abrupt increase in the pressure
developed by the ventricle. Accordingly, an attempt was
made to obtain electrocardiographic evidenice of this from
a bipolar electrode within the ventricular cavity. An
example of this is illustrated by Fig. 7 whIiclh is a con-
tinuous tracing of left ventricular circumlference, the in-
traventricular electrocardiogram, left ventricular end-
diastolic pressure, and left ventricular pressure during
an abrupt increase in ventricular pressure and also dur-
ing and after partial occlusion of the left coronary artery.
Here it may be seen from the higlh speed tracings, A. B,
and C of Fig. 7, that with an abrupt iincrease in ven-
tricular pressure there is first a loNerilng of the T wave
(A) followed by an inversion of the T wN-ave and a de-
pression of the S-T segment (B) Aheni compared witlh
the S-T and T wave pattern seen after the ventricle
has been developing a constant pressure for over 4 min
(C). When the left coronary artery w-as partially oc-
cluded (the period indicated by the bar between C and D)
there was an increase in left ventricular end-diastolic pres-

sure and circumference to levels similar to that noted
immediately after the abrupt increase in ventricular pres-
sure. Again there was a depression of the T wave (D)
followed by T wave inversion and depressionl of the S-T
segment (E) before the normal pattern was regained
(F). It should be emphasized that the illustrated trac-
ings were obtained from electrodes situated Nithin the
ventricular cavity. No significant chaniges were founld in
the external electrocardiogram when the ventricular
pressure was abruptly increase(l.

Fig. 8, in contrast to the previouis figure, showN-s trac-
ings of the intracardiac electrocar(liogram obtained Nhen
the intraventricular pressure is abruptly increased during
I)apaverine administration and consequent dilation of
the coronary bed. UInder these circumstances the S-T and
T wave patterns observed immediately after the abrupt
increase in ventricular pressure are similar to that found
after the ventricle has been developing a constant pres-
sure for several miniuttes. and do not reflect isochemliia.

DISCUSSION

As stated in the introduction, the object of this report
is to present evidence supporting the hypothesis that
the Anrep effect is primarily the recovery from a nega-
tiv-e inotropic effect which accompanies an abrupt in-
crease in the pressture developed by the ventricle, and
that this negative ilnotropic effect is caused by subendo-
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FIGURE 7 Recording of left ventricular circumferenice, intracardiac electrocardio-
gram, left ventricular pressure (high gain), and left ventricular pressure (low
gain) after an abrupt increase in ventricular pressure and during and after partial
occlusion of the left coronary artery. Upper margin of circumference is diastole.
Rapid tracings of ventricular circumference wvere not obtained. Note on ECG
tracing, depression of T wave (A) and inversion of T wave as well as depression
of S-T segment (B) immediately after abrupt increase in ventricular pressure
in contrast with that found after ventricle had been developing a constant pressure
for over 4 min (C). Note also with partial occlusion of left coronary artery (bar)
there is also transient lowering of T wave (D) as well as T wave inversion and
depression of S-T segment (E) in comparison with tracing obtained after re-
covery (F).
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cardial ischemia which, in turn, is corrected by vascu-
lar autoregulation of the coronary bed.

Normally, there is equal distribution of coronary flow
to the inner and outer layers of the ventricular wall as
has been demonstrated by others (18). With an abrupt
increase in systolic pressure there is temporary ischemia
of the inner portion of the ventricular wall, presumably
due to the high intramural pressure within this area
(23, 24). Due to this ischemia myocardial contractility
is reduced, as manifested by a high rise in end-diastolic
pressure and volume. By vascular autoregulation of
the coronary bed, this condition is slowly corrected
with a redistribution of coronary flow and a consequent
improvement in contractility which has been termed
the Anrep effect (7). It is important to emphasize that
this redistribution can occur, albeit to a somewhat
lesser extent, when total coronary flow is maintained
constant (5, 6).

There are a number of arguments which support the
"recovery" hypothesis as an explanation of the Anrep
effect. First, the Anrep effect is not seen in papillary
muscle preparations (8, 11). Here, one might argue,
that the Anrep effect is an intrinsic form of auto-
regulation and that papillary muscles are too poorly
oxygenated to show it. However, it must be remem-
bered that papillary muscles are quite capable of show-
ing the Bowditch effect, an accepted autoregulatory
process seen both in papillary muscle preparations and
in intact hearts (8).

It would not seem unreasonable, therefore, to postu-
late that the Anrep effect is not seen in papillary muscle
preparations because they are devoid of coronary flow
and do not have the unique geometry of the ventricle.
With such a geometry, one might expect large abrupt
changes in ventricular pressure to produce large abrupt
changes in intramural pressure, particularly in the sub-
endocardial layers (23, 24), making it necessary for
the ventricle to rely heavily on the compensatory mecha-
nism of vascular autoregulation to avoid ischemia, a
mechanism that requires time.

Second, as a corollary to this, with slow changes in
systolic pressure the compensating mechanism of auto-
regulation is adequate as indicated on the left panel of
Fig. 3 where with a slow increase in systolic pressure
there is no acute rise in end-diastolic pressure and
circumference and hence no appreciable compensatory
Anrep effect. This is in contrast to the right panel of
Fig. 3, where a relatively abrupt rise in the systolic
pressure of the same ventricle is accompanied by rela-
tively greater increases in end-diastolic volume and
circumference which are, in turn, compensated for by
the Anrep effect. Furthermore, with an abrupt lowering
and immediate return of systolic pressure (left panel,
Fig. 3) after the ventricle has developed a constant
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FIGupx 8 Recording of intraventricular electrocardiogram,
left ventricular pressure (high gain), and left ventricular
pressure (low gain) after an abrupt increase in ventricular
pressure when coronary bed is near maximally dilated by
administration of papaverine (4.6 mg/min). Note virtually
no change in S-T segment and T wave pattern (in contrast
with Fig. 8) as well as minimal change in end-diastolic
pressure after systolic plateau is reached.

pressure for several minutes, no Anrep effect is noted.
Here, it may be presumed, that the vascular autoregu-
latory forces tending to insure adequate circulation to
the subendocardial% layers of the ventricle had insuf-
ficient time to relax.

Third, with the administration of potent coronary
vasodilators, such as papaverine or ATP, adequate cir-
culation to the subendocardial layers of the ventricular
wall could be assured during the period when the sys-
tolic pressure abruptly increased. Here, there is no
subendocardial ischemia and consequently no corrective
Anrep effect (Fig. 5). Moderately effective coronary
vasodilation was also achieved with other drugs as
well as by increasing the perfusion pressure. Under
these circumstances, it is important to emphasize that
the ability of a vasodilator to reduce the Anrep effect
was in direct proportion to its ability to increase coro-
nary flow.

Fourth, from the experiments in which the regional
distribution of coronary flow was determined by using
radioactive microspheres, the ratio of inner to outer
left ventricular wall coronary flow was significantly
reduced immediately after an acute rise in left ventricu-
lar systolic pressure, when compared with the ratio
noted after the ventricle had been developing a constant
systolic pressure for several minutes.

Fifth, the intraventricular electrocardiogram pro-
vided evidence of subendocardial ischemia by S-T
segment and T wave changes immediately after an acute
increase in left ventricular systolic pressure (Fig. 7).
These changes were similar to those noted in the same
preparation when ischemia was produced by coronary
constriction. Furthermore, no such changes were noted
when coronary vasodilators were administered and the
systolic pressure abruptly increased (Fig. 8).

The question naturally arises as to how the above
described hypothesis can explain the "reverse" Anrep
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effect illustrated by Fig. 2, and also observed by others
(6, 10, 11). From the figure, it should be noted that
when systolic pressure was increased from 75 to 150 nmm
Hg, maintained there for over 3 min, and abruptly de-
creased back to 75 mmHg, end-diastolic pressure and
circumference fell to levels below control, then gradu-
ally returned. This again is consistant with the hypothe-
sis, as with an abrupt decrease in the systolic pressure
of the ventricle the vascular autoregulatory forces
tending to protect against ischemia of the inner ven-
tricular wall would temporarily remlain effective anld
one would naturally expect a period of excessive coro-
nary flow to the inner ventricular lavers. It is presumed
that this excess flow, in itself, is capable of causing a
positive inotropic effect.

While the last statement nmay not be generally ac-
cepted, recent evidence has appeared to support it (20,
25). Furthermore, if coronary flow was sufficiently
increased in the isolated heart preparation, while the
ventricle was developing a constant systolic pressure,
a positive inotropic effect wvas manifested by a decrease
in both end-diastolic pressure and circumference (Fig.
6, Table II). This appeared whether or not coronary
flow was increased either bv increasing the perfusion
pressure or by the administration of coronary vaso-
dilators that were shown not to have a direct inotropic
effect on cardiac muscle (19-22). Even the hyperemia
induced by a brief period of coronary occlusion was
noted to be accompanied by a positive inotropic effect
(Fig. 7).

Alternatively one could speculate that substances pre-
sumably involved in the autoregulatory mechanism such
as adenosine (26) could have a direct positive inotropic
action on cardiac muscle. Until this is firmly estab-
lished the authors would prefer the previously offeredl
explanation which is more easily reconciled with the
observation that if coronary flow is increased by in-
creasing perfusion pressure there is anl attending posi-
tive inotropic effect.

The presented hypothesis is, incidentally, consistent
with various additional characteristics of the Anrep
effect noted earlier. The magnitude of the effect has
been shown to be proportional to the magnitude of the
abrupt change in pressure (9). Furthermore, the effect
is greater at faster heart rates (9). At higher systolic
pressures and faster heart rates one would expect the
metabolic needs of the ventricle to be greater, and
therefore the effect of ischemia and its subsequent cor-

rection to be more pronounced. Likewise, in the same

publication it was noted that the effect was diminished
in hearts blocked with /8-adrenergic blocking agents, an

observation which led the authors to the conclusion
that catecholamines might be involved in the mecha-
nism of the Anrep effect. The authors would now prefer

to attribute the finding of a diminished effect in beta-
blocked hearts to the diminished metabolic needs of
these ventricles. In a previous report a loss of myo-
cardial potassium was noted to follow the Anrep effect
(10). Although the loss appeared somewhat later than
the effect in the referred report, potassium loss is an
established sequela of myocardial ischemia (27).

Should the presented hypothesis stand the test of
time, its implications deserve brief mention. First, it
would serve to wvarn the investigator that a period of
instability follows aIn abrupt change in the pressure de-
v eloped by the v-entricle and that the contractility of
the ventricle imlmediately after such a change may not
be indicative of its full capacity. Second, as vasodilation
of the coronary bed is accompanied by a positive ino-
tropic effect, it may be presumed that normally, a certain
numiiber of mvofibrils, particularly in the subendocardial
layers of the ventricle, are exerting less than their full
capabilities because of ischemia. Furthermore, the posi-
tive inotropic action of agents that are coronary vaso-
dilators nmay be in part due to their direct action on
cardiac mluscle and in part due to their action of the
coronary vasculature. The clinical implications here
-Ire obV-ious, to the extenit that one canl extrapolate to
the intact animal.

Third, again to the extent that one can extrapolate,
the hypothesis should provide the clinician with the
warning that the ventricle may be in a temporary state
of jeopardy after an abrupt rise in systolic pressure
due to the attending subendocardial ischemia as well
as its subsequent correction. In the studies described in
this report arrhythmias frequently accompanied and
immniediately follow ed the abrupt increases in systolic
pressure. Here it is important to note that ventricular
fibrillation more frequently follows the relief of coro-
nlary occlusion thani it follows the occlusion itself (28).
To this extent, a precise mechanism is provided to
explain arrhythmias and often death in untrained in-
dividuals performing moderate physical exertion, and
who are disposed towards radical increases in blood
pressure with sudden exercise. Furthermore, by ob-
serving ventricular end-diastolic pressure or the intra-
cardiac electrocardiogram after an abrupt rise in sys-
tolic pressure one might be provided with a measure of
the adequacy of the subendocardial circulation in pa-
tients suspected of myocardial ischemia.

Finally, it is hoped that the hypothesis presented here
might serve to clarify an awkward discrepancy between
the performance of cardiac muscle strip preparations
and that of the intact heart as well as to provide insight
into an aspect of ventricular behavior that has re-
mained obscure for some time. At this point, it might
be appropriate to repeat the explanation for the Anrep
effect proposed by Patterson, Piper, and Starling over
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half a century ago (3): "But at the higher pressure
there is a marked increase in the blood supply to the
heart muscle. The improved nourishment of the muscle
causes an improvement in its physiological condition,
and this improvement shows itself by an increase of
the tension set up at each degree of contraction in the
muscle fiber and therefore a diminution in the length of
the muscle fiber necessary to produce a certain tension.
We therefore find that the primary dilitation of the
heart is followed by a slow recovery, as shown by a
diminution of its mean volume."

The authors take note that the data submitted in the
present report are largely consistent with the position
taken by Patterson et al. in 1914.
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