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Catecholamines restore myocardial contractility in dilated cardiomyopathy
at the expense of increased coronary blood flow and myocardial oxygen
consumption(MvO, cost of catecholamines in heart faillire
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Abstract

To investigate the metabolic cost of catecholamine use in heart failure, we administered intravenous dobutamine or norepinephrine
to dogs with moderate and severe LV dysfunction until LV contractile function was restored to normal levels. Both drugs were
associated with significant increases in myocardigl O consumption, increased coronary blood flow requirements and decreased
myocardial mechanical efficiency. These mechanisms may contribute to the deleterious effects of catecholamines in heart failure.
© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction myocardial @ consumptiofMvO,) and greater coro-
nary blood flow (CBF) requirements. The purpose of

Although catecholamines are used clinically to pro- our study was to investigate the metabolic effects of

vide short-term hemodynamic support in decompensatedB1-adrenergic receptdiAR) stimulation (Dobutamineg

congestive heart failur€CHF), their long-term use has and combinedx- andB-1 AR stimulation(Norepineph-

deleterious effects in patients with CHE—7], despite  rine) at doses required to restore ‘normal’ contractile

progressive desensitization to the inotropic effects of function (LV dP/dt) or mean arterial pressuf@AP)

adrenergic stimulation demonstrated in clinif&/9] and in progressive dilated cardiomyopathy

experimental [10,11 studies. Excessive metabolic

demands in response to catecholamine administration2, Methods

have been implicated as a possible mechanik?s-14.

We hypothesized that the restoration of LV contractile » ;. risrrumentation

function attained by using catecholamines in dilated

cardiomyopathy(DCM) is accompanied by excessive  gjyteen Mongrel dogs of either sex weighing 15—20

Abbreviations: CHF, Congestive heart failure; CO, Cardiac output; kg Were, Sedat_ed with xyIazméZ mg/Kg im) an_d
SV, Stroke volume; CBF, Coronary blood flow; MyO , Myocardial anestheﬂzed with halOthar(f&% vol). L,_lsmg a Ste“lef
0, consumption; MAP, Mean arterial pressure; HR, Heart rate; technique, catheters were implanted in the left atrium
LVEDP, Left ventricular end-diastolic pressure; &P/d, first deriv- (LA), right atrium(RA), descending thoracic aorfa),
ative of LV pressure; LVEDD, Left \'/ent'rlcular end diastolic diameter; and coronary sinugv) through an incision in the left
LVESD, Left ventricular end systolic diameter. fifth int tal A solid-stat t d

*Corresponding author. Tel+ 1-412-359-3022; fax:+ 1-412-350- th intercostal space. A solid-state pressure transducer
8152. was implanted in the left ventriculatLV) apex to

E-mail address: rshannon@wpahs.ofd@R.P. Shannon measure LV pressures and L¥P/d:r. Transonic flow
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probes were implanted in the ascending aorta and the30-min stabilization period following deactivation of the

left circumflex coronary artery, for determination of
cardiac output(CO) and coronary blood flo(CBF),

pacemaker preceded all experiments in CHF. Control
experiments consisted of systemic and coronary hemo-

respectively. Piezoelectric ultrasonic dimension crystals dynamic recordings to determine the ‘normal’ range
were implanted on the anterior and posterior endocardialvalues for LV contractility(LV dP/dr), stroke volume
surfaces of the LV to measure the internal short axis (SV), cardiac output(CO), and coronary blood flow

diameter in end-diastole LVEDD) and end-systole

(CBF). Coronary arterial(a) and coronary sinugv)

(LVESD). Similar piezoelectric crystals on the endocar- blood samples were obtained to calculate myocardial
dial and epicardial surfaces of the posterior wall were O, extraction[100x (a—Vv)/ (a) O, content. Myocardial

utilized to measure wall thickeningVTh). A sutureless

oxygen consumption(M,O,) was calculated as the

pacing lead was implanted on the epicardial surface of product of the left circumflex coronary artery blood
the right ventricle. All animals received analgesics as flow and the myocardial arterio-coronary sinug O con-
needed for the first 72 h following surgery and cephal- tent difference{M,0,=(CBFX (a-v) O, conten}. Cor-

exin (1 g. IV) daily for seven days. The dogs were

onary sinus pH(Cs-pH was also measured, using an

allowed to recover from the surgical procedure for 2 automatic blood gas analyz&Radiometer, Ing.

weeks, during which time they were trained to lie quietly

End-systolic(o-.9) and end-diastolid o-.9 myocar-

on the experimental table in a conscious, unrestraineddial wall stress was calculated according to Laplace’s
state. All catheters were flushed daily and filled with a law [wall stress=(pressurexradiug/(2xwall thick-
50% heparin solution to maintain patency. Control ness] applied to LV end-systolic and end-diastolic
experiments were initiated 2 weeks after recovery from values, respectivel\f14—17. Myocardial stroke work
the surgical instrumentation. Animals used in this study (SW) and myocardial efficiency indeXMEI) were
were maintained in accordance with the ‘Guide for the calculated as described by Eichhorn et [di8]. Stroke

Care and Use of Laboratory Animal Resourcd3HHS
Publication No(NIH) 86-23, Revised 1996and the
guidelines of the Institutional Animal Care and Use
Committee at Allegheny General Hospital.

2.2. Heart failure induction

Following completion of ‘control’ experiments, rapid
RV pacing at 240 min* was initiated in all dogs.

work was calculated wusing the formula SW
APX AV x0.0136, wherd\P=LVP —LVEDP andAV =
LVEDV —LVESYV, using sonomicrometry-derived data.
Myocardial efficiency was calculated from directly
derived hemodynamic parameters, as follows: ME
(%) =(SWXxHR)/2.059X MvO..

Pressure—Volume loop analysis: In a subset of animals
(n=7), simultaneous recordings of LV pressure and
ventricular chamber dimensions were digitized at a rate

Thereafter, the dogs were reassessed on a daily basis foof 200 sampless using a PC-based data acquisition

clinical signs(fatigue, anorexia, tachypnea, tachycardia,
edema, ascitgsand hemodynamic parameters to estab-
lish the progressive development of dilated cardiomyo-

package(Windaq, Dataq Instruments, Akron, QHn
order to generate pressure—volutf/) loops for stroke
work analyses. For each animal tested, PV data were

pathy. In addition, all catheters were flushed and all collected without adrenergic stimulation and in the

transducers were calibrated daily.

presence of ‘low-dose’ and ‘high-dose’ Dobutam({i2e5

Moderate LV dysfunction was defined as the presenceand 10 mgkg/min) and Norepinephring0.1 and 0.4
of mild clinical signs and modest hemodynamic pertur- mg/kg/min). Experiments were conducted in control

bations (LV dP/dt<2000 mmHg<s™*, LVEDP>16
mmHg) without significant LV dilatation. Severe LV

state and under conditions of moderate and severe heart
failure. LV external work (EW)-defined as the area

dysfunction was defined as more pronounced clinical enclosed by the PV loop-was calculated using a single

and hemodynamic deterioratiodlV dP/dt<1500
mmHgxs~*, LVEDP>22 mmHg as well as significant
LV dilatation (LVEDD increase by-2 mm and LVESD
increase by 4 mm compared to ‘control’ valug¢sand

dimension spherical approximation of ventricular vol-
ume (CardioSoft software, Sonometrics Corp., London,
Ontario, Canada Data from 5 to 10 consecutive beats
per experimental protocol were signal averaged for

depressed cardiac output. Consistent with previous stud-analysis. The EW MvO, ratio was used as an index of

ies utilizing this animal mode[15,16, moderate heart
failure stagelm-CHP) ensued after 1@ 3 days of pacing
and severe heart failure sta@@CHP) after 27+ 4 days

of pacing in our dogs.

2.3. Hemodynamic measurements

mechanical efficiency of the LV in this group of animals.
Catecholamine administration: Graded intravenous

infusions of dobutamin&1-10 wg/kg/min) and nor-

epinephrine(0.05—-0.4.g/kg/min) were administered

to animals with CHF until restoration of normal L3P/

dt. To avoid residual pharmacodynamic effects, the drugs

were administered on two consecutive days, in random

Hemodynamic measurements were made with the order. The same hemodynamic and metabolic parameters

dogs fully awake, lying quietly on their right side. A

(CBF, MvQ,, arterial and coronary sinus blood gases
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Table 1

Hemodynamic changes associated with the development of progres-
sive heart failure in conscious dogs with pacing-induced dilated
cardiomyopathy

Control Moderate CHF Severe CHF

LVP (mmHg) 121+3 105+ 5* 100+5*
LVEDP (mmHg) 10+1 184 2* 284 2*
LV dP/dt (mmHg/s) 2586+89  1549+81* 1289+ 89*
MAP (mmHg) 94+3 84+ 5* 81+3*
HR (min—1) 88+5 101+ 4* 116+6*
SV (ml) 24+3 184 2* 154 2*
CO (I/min) 2.24+0.2 1.9+0.2 1.7+0.2*
LVEDD (mm) 39+1 40+1 444 1*
LVESD (mm) 33+1 34+1 39+ 1%
LVEF (%) 4442 324 2* 264 2*
WTh (mm) 2.940.2 2.2+0.2* 1.9+0.3*
SW (gxm) 15+2 9+ 1* 7+1*
o-es(g/cnr) 76+2 7943 87+3*
o-ed (g/cn?) 13+1 24+ 1* 33+ 2%
CBF (ml) 24+2 24+2 29+3
MvO, (ml O,/min) 2.3+0.2 2.2+0.1 2.4+0.2

LVP; left ventricular systolic pressure, LVEDP: left ventricular end-
diastolic pressure, LV dRit: first derivative of LV pressure, MAP:
mean arterial pressure, SV: stroke volume, HR: heart rate, CO: cardiac
output, LVEDD; left ventricular end-diastolic diameter, LVESD: left
ventricular end-systolic diameter, LVEF: left ventricular ejection frac-
tion, WTh: wall thickening, SW: myocardial stroke work;es: end-
systolic wall stresso-ed: end-diastolic wall stress, CBF: coronary
blood flow, MvO,: myocardial @ consumption

*P <0.05 compared to controls.

were obtained in the presence of adrenergic stimulation
with either agonist in cardiomyopathic animals, as were
obtained in controls. Myocardial contractile efficiency
was also calculated in a similar fashion.

In addition, to better simulate the use of catechola-
mines in the clinical setting of acutely decompensated
patients, the infusions were also titrated to restore mean
arterial pressurédMAP) to control levels. Mv@ , CBF
and myocardial contractile efficiency were recorded in
m-CHF and s-CHF animals receiving dobutamine or
norepinephrine at doses that resulted in restoration of
MAP to levels comparable to controls.

Statistical analysis: Data were expressed as the mean
value+ S.E.M. Repeated measures analysis of variance
(ANOVA), followed by post-hoc paired-tests was
performed to compare data obtained in control with

respective parameters in m-CHF and s-CHF at matched

contractility or blood pressure levels achieved by adre-
nergic stimulation. Statistical analysis was performed
separately for each of the two distinct catecholamine
agonists utilized (Dobutamine, Norepinephrine For
each of these drugs, the measurements corresponding t
the dose required to attain matcheagithin+2 S.E.M)
levels of LV contractile indice$LV dP/dt, SV) to those
observed in the control state, were entered into the
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IL). A level of P<0.05 was considered statistically
significant.

3. Results

Development of progressive dilated cardiomyopathy:
Table 1 illustrates the progressive hemodynamic changes
associated with the development of moderate CHF)
and severe(s-CHP heart failure in the rapidly paced
dogs prior to any pharmacologic stimulation. Moderate
CHF was characterized by a significant increase in
LVEDP with significant decreases in W¥P/dt, SV and
LVEF compared to control values. In severe CHF, there
was progressive deterioration in hemodynamics and in
addition both LVEDD and LVESD increased signifi-
cantly over control values, consistent with LV dilatation.
Progressive sinus tachycardia was observed and corre-
lated with the degree of heart failure. Resting MvO
was not significantly different between control and heart
failure animals. Myocardial stroke work at rest was
significantly less in CHF. Increases in diastolic wall
stress preceded those in systolic wall stress during the
course of development of progressive dilated cardio-
myopathy(DCM).

Restoration of LV contractility by adrenergic stimu-
lation: Animals with either m-CHF or s-CHF exhibited
a desensitized inotropic response to both dobutamine
and norepinephrine. The inotropitV dP/dr) response
to dobutamine is depicted in Fig. 1. To attain myocardial
contractility comparable to controls, a dose of 16/
kg/min was necessary in both m-CHF and s-CHF. A
desensitized dose-response curve was also observed with
norepinephrine(Fig. 2). Progressively higher doses of
norepinephring0.2 pn.g/kg/min in m-CHF, 0.4u.9/kg/
min in s-CHP were required to accomplish LV contrac-
tility indices comparable to control levels.

LV contractile response
—a= control
—=—m-CHF

75001 =o=5-CHF

124
=3
o
o
1

o _‘_,._.._..--ﬂ-"""'" E

N By bl

N
23
o

LV dP/dt (mnmHg/sec)

0.

0.0 1.0

v 1 L) Al
2.5 5.0 7.5 10.0

0 DOBUTAMINE dose (i.g/kg/min)

Fig. 1. Inotropic response(LV dP/dt) to Dobutamine (1-10
wg/kg/min) in control (prior to the initiation of rapid pacingand in
moderate(m-CHPF) and severeg(s-CHP heart failure. The squares

analysis. Linear regression analyses were performedrepresent the ‘matched levels of LiP/dr to those of resting, control

using Sigma Plot softwarév. 5.0, SPSS Inc., Chicago,

animals without any pharmacologic stimulation.
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stage. Coronary sinus pH declined progressively as the

dogs developed more advanced CHF. A significant
~=—control determinant of higher metabolic demafidvO,) asso-
——m-CHF ; ; ; : :
7500- o S.CHF ciated with dobutamine use in heart failure was the

development of progressive heart rate increases, while
MAP remained constant. Significant incremental
increases in LVEDP were also observed with the use of
dobutamine in progressively worsening CHF. These
perturbations were reflected in early increases in dia-
stolic wall stress with dobutamine administration that
progressed further in s-CHF. In contrast, systolic wall
o 005 o1 0.2 03 o4 stress remained unchanged in m-CHF, but increased
significantly in s-CHF animals receiving dobutamine.
(Table 2. Fig. 3 summarizes the salient metabolic
Fig. 2. Inotropic respons€lV dP/dr) to Norepinephrine(0.05—0.4 perturbations associated with the use of dobutamine to
wg/kg/min) in control (prior to the initiation of rapid pacingand in restore LV contractile dysfunction to normal in CHF.
moderate(m-CHPF) and severe(s-CHP heart failure. The squares
represent ‘matched’ levels of myocardial contractility’ dP/dr). 3.2. Effects of norepinephrine on myocardial O,
requirements

LV contractile response

LV dP/dt (mmHg/sec)

NOREPINEPHRINE dose (pg/kg/min)

3.1. Effects of dobutamine on myocardial O,
requirements Conscious dogs with m-CHF required a lower dose
of norepinephring(0.2 wg/kg/min) to restore normal
Although designed to restore LV contractility to nor- contractile function than the same dogs when they
mal levels, the use of dobutamir@0 p.g/kg/min) at developed s-CHF(0.4 wng/kg/min). A progressive
either stage of CHF was associated with significantly increase in MvQ at comparable LV contractile function
higher MvQ, to achieve LVdP/dtr comparable to con- was observed with norepinephrine use. Similar to the
trols (Table 2. Myocardial Q extraction increased early findings observed with dobutamine, norepinephrine
in the process between control and moderate CHF, butadministration progressively increased CBF require-
there was no further significant change between m-CHF ments, as CHF became more severe, although myocar-
and s-CHF. In contrast, CBF requirements continued to dial O, extraction increased early to help meet additional
increase further as the animals progressed from moderatenetabolic demands in m-CHF. The inability to further
to severe CHF. Myocardial SW did not change in m- augment @ extraction in s-CHF was associated with a
CHF and tended to decrease in s-CHF animals receivingdecline in Cs-pH, which was somewhat more pro-
dobutamine vs. control animals. Myocardial energy effi- nounced with norepinephrine administration. Myocardial
ciency was significantly reduced even at the m-CHF SW was unchanged, but contractile efficiency was

Table 2
The impact of dobutamine utilization at a dose required to restore LV contractility in dogs with moderate and severe heart failure
Control Moderate CHF Severe CHF
Dobutamine 0 10 10
(ng/kg/min)
LV dP/dt (mmHg/s) 2586+ 89 2744+ 114 2679132
SV (ml) 2443 2843 2543
SW (gxm) 15+2 14+2 12+2
HR (min~?1) 88+5 113+ 7* 129+ 5*
MAP (mmHg) 94+3 88+4 9245
LVEDP (mmHg) 10+1 20+ 2* 294 2*
o-es(g/cnr) 76+2 78+4 94+ 7*
a-ed (g/cn?) 13+1 294 4* 40+ 3*
MvO, (ml O,/min) 2.3+0.2 3.6+0.3* 4.4+ 0.4*
CBF (ml) 2442 36+ 2* 43+ 3*
(a—Vv) O, extraction(%) 65+2 69.5+ 3* 71.2+2*
Cs- pH 7.39:0.01 7.36+:0.01* 7.35+0.01*
Myocardial efficiency(%) 4043 23+ 3* 20+2*

(LVdP/dr. first derivative of LV pressure, SV: stroke volume, HR: heart rate, MAP: mean arterial pressure, LVEDP: left ventricular end-diastolic
pressure, SW: myocardial stroke workses: end-systolic wall stress-ed: end-diastolic wall stress, CBF: coronary blood flow, MvO : myocardial
0O, consumption{a—Vv) O, (%) coronary arterio-venous £ extraction, Cs-pH: coronary sinus pH.

*P <0.05 compared to controls.



L.A. Nikolaidis et al. / The European Journal of Heart Failure 6 (2004) 409—419 413
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p< 0.0001 vs control Pp< 0.005 vs control

Fig. 3. Hemodynamic and metabolic consequences of Dobutamine use in heart failure. To attain similar levels of myocardial cofifvactility
dP/dt, stroke volume: SY to those observed in normal controls, the use of Dobutamine in animals with modera@&iF) or severe heart
failure (s-CHP resulted in progressive increases in myocardial O consumghty©,), coronary blood flow demands<CBF) and myocardial

O, extraction and associated decreases in coronary sinUCpHhH and myocardial efficiency(P <0.05 compared to controls

Table 3
The impact of norepinephrine utilization at the respective doses required to restore LV contractility in dogs with moderate and severe heart failure
Control Moderate CHF Severe CHF
Norepinephrine 0 0.2 04
(p.g/kg/min)
LV dP/dt (mmHg/s) 2586+ 89 2545+ 120 2573+ 166
SV (ml) 24+3 23+3 2242
SW (gxm) 15+2 15+2 14+1
HR (min~?1) 88+5 97+9 102+ 6
MAP (mmHg) 94+ 3 112+ 8* 132+ 6*
LVEDP (mmHg) 10+1 27+ 3* 344 3*
o-es(g/cn?) 76+2 994 8* 127+ 7%
o-ed (g/cnr) 13+1 35+ 4* 514 3%
MvO, (ml O,/ min) 2.3+0.2 3.7+ 0.4* 4+40.3*
CBF (ml) 24+2 36+ 4* 444 3*
(a—v) O, extraction(%) 65+2 77+ 2% 74+ 2%
Cs- pH 7.39:0.01 7.35£0.01* 7.34+0.01*
Myocardial efficiency(%) 40+3 27+ 3* 234 2*

LV dp/dr first derivative of LV pressure, SV: stroke volume, HR: heart rate, MAP: mean arterial pressure, LVEDP: left ventricular end-diastolic
pressure, SW: myocardial stroke workses: end-systolic wall stress-ed: end-diastolic wall stress, CBF: coronary blood flow, MvO : myocardial
O, consumption{a—Vv) O, (%) coronary arterio-venous O extraction, Cs-pH: coronary sinus pH.

*P<0.05 compared to controls.

depressed when norepinephrine was used to restoréncreased afterload, in addition to increased LV preload
myocardial contractility in either stage of CHF. Unlike (LVEDP). Although a trend toward increases in heart
dobutamine, norepinephrine used in heart failure resultedrate was observed with norepinephrine, this was not
in significant raises in MAP, thus contributing to statistically significant. The impact of these hemodyn-
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Fig. 4. Hemodynamic and metabolic consequences of Norepinephrine use in heart failure. To attain similar levels of myocardial cdhYfactility
dP/dt, stroke volume: SYto those observed in normal controls, the use of progressively higher doses of Norepinephrine in animals with moderate
(m-CHP) or severe heart failurés-CHP) similarly resulted in significant increases in myocardial O consumpiwnO,), coronary blood flow
demands(CBF) and myocardial @ extraction and associated decreases in coronary sin{GsgbH) and myocardial efficiency(* P<0.05
compared to contro)s

amic responses was associated with progressive increasProgressively higher doses of Dobutamit® wg/kg/

es in both systolic and diastolic wall stress requirements, min in m-CHF, 10p.g/kg/min in s-CHP were required

to achieve matched contractile state using norepineph-to attain the same hemodynamic effect. At comparable

rine (Table 3. Fig. 4 summarizes the salient metabolic MAP levels, MvQ, and CBF requirements were higher

perturbations associated with the use of norepinephrineand contractile efficiency was significantly lower when

to restore LV contractile function in CHF. catecholamines were used in CHF compared to controls
Restoring MAP by adrenergic stimulation in CHF: (Table 4.

Restoration of MAP in dogs with m-CHF or s-CHF was Effects of catecholamines on the EW-MyO relation-

accomplished using 0.tg/kg/min of Norepinephrine.  ship: In the group of animalén=7) that underwent

Table 4
Effect of Dobutamine and Norepinephrine on MyvO and CBF requirements and myocardial efficiency when these adrenergic agonists are used ir
dogs with progressive degrees of CHF to restore mean arterial pressure to levels comparable to controls

Control Moderate CHF Severe CHF

m-CHF+ m-CHF+ s-CHF+ s-CHF+

DOB (5) NE (0.1) DOB (10) NE (0.1)
SBP (mmHg) 121+4 119+6 125+8 113+6 118+7
MAP (mmHg) 9443 92+4 99+7 92+5 95+ 6
MvO, (ml O,/min) 2.3+0.2 3.2+0.3* 2.6+0.3 4+0.3* 3+0.2*
CBF (ml/min) 2442 33+2* 32+4* 43+ 3% 424 4*
Myocardial efficiency(%) 40+3 23+ 2* 27+3* 1942* 22+ 3*

SBP: systolic blood pressure, MAP: mean arterial pressure, CBF: coronary blood flow, MvO : myocardial O consumption, m-CHF: moderate
congestive heart failure, s-CHF: severe congestive heart failure, DOB: dobutamine, NE: norepinephrine. Drug doses in parenthgggs are in
kg/min.

*P <0.05 compared to controls.
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additional experiments to generate PV lodsg. 5),

the area enclosed by the PV loop was calculated as an
index of external work(EW) performed by the left

ventricle during a cardiac cycle. The ratio of EW

MvO, was computed as an estimate of mechanical (a)m_
contractile efficiency of the LV[19,2Q. Table 5 dem-

onstrates that animals with m-CHF required high doses 100 -
of either dobutamine or norepinephrine to accomplish
total EW comparable to that of a normal dog in the
control state(prior to pacing. This was associated with

a significantly higher Mv@ and lower EWMvO, ratio
consistent with the reduced mechanical efficiency of the
failing myocardium. Animals with s-CHF were unable
to accomplish EW comparable to controls, even when 20 1
they were stimulated with high doses of agonists, thus
resulting at even lower efficiency.

80

60

40 1

LV Pressure (mmHg)

15 20 25 30 35 40
4. Discussion LV Volume (mL)

Our study demonstrated that pharmacologic restora- (b)
tion of normal LV contractile performance in CHF by
either dobutamine or norepinephrine is associated with
greater MvQ requirements and greater dependence on
CBF to meet these demands. These excessive demands
increased as dilated cardiomyopathy progressed from a i
stage of moderate to severe CHF. Myocardigl O extrac- T
tion increased early in the evolution of CHF, but could EW (g m)
not increase further as the dogs developed severe CHF. m-CHF + DOB
In contrast, CBF requirements continued to increase as
the animals progressed to severe CHF. Restoration of
LV contractility by means of either sympathomimetic
agonist led to significantly reduced myocardial efficien-
cy, calculated by two different methods.

y=1.3+0.4

slope=0.0005+0.00002

MvO; (miOg/min)

r=0.62
p=0.04

y=2.1+05

i 9

slope=0.0023+0.0001*

w
1

)
h

r=0.71
p=0.006

MvO3 (mlO2/min)

-
1

4.1. Hemodynamic determinants
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We also demonstrated that sinus tachycardia and EW (mmHg>xmi)
increased preload were significant contributors to the s-CHF + NOREPI
excessive @ requirements associated with dobutamine
(B1-AR) use in dilated cardiomyopathy. In contrast,
increased preload and increased afterload characterized
the effect of norepinephrine. These mechanistic differ-
ences between the two agonists can be explained by
their different affinities for - and B1l- adrenergic
receptors. Restoration of LV contractility comparable to
normal levels by means of sympathomimetic administra- 0 500 1000 1500 2000 2500 3000
tion in CHF was attained at significantly increased LV EW (mmAigm)
filling pressures compared to controls. End-diastolic wall _. . .

. . . . . ... Fig. 5. An example of a P-V loop generated using sonomicrometry
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Table 5
Effect of Dobutamine and Norepinephrine on ventricular mechanical efficiency using pressure-volume loop derived extert&\\york

Control Moderate CHF Severe CHF
Dobutamine
EW area(mmHgx ml) 1411+182 835+ 90* 537+ 72*
+2.5 ng/kg/min DOB 1768+ 362 1089t 183 640+ 102*
+10 pg/kg/min DOB 2346+579 12174181 7814+ 103*
MvO, (ml O,/min) 23+0.2 2.3+0.2 2.5+0.3
+2.5 ng/kg/min DOB 3.2+0.4 3+0.3* 2.7+£0.3
+10 pg/kg/min DOB 5.7+0.4 32+0.3* 4+0.3*
EW/ MvO, ratio (X 1073) 0.71+0.08 0.34+0.03* 0.22+0.03*
+2.5 ng/kg/min DOB 0.63+0.10 0.36+0.08* 0.22+0.02*
+10 pg/kg/min DOB 0.46+0.08 0.28+0.03* 0.19+0.02*
Norepinephrine
EW area(mmHgx ml) 1382+ 191 7724+ 9790* 621+ 78*
+0.1 png/kg/min NE 1893+418 898+ 105* 762+ 96*
+0.4 ng/kg/min NE 2513+ 739 12134198 991 + 159*
MvO, (ml O,/min) 23+01 2.5+0.2 2.4+0.3
+0.1 png/kg/min NE 3.6+0.4 2.7+0.3 3+0.3*
+0.4 ng/kg/min NE 6.3+0.8 3.9+0.3* 39+0.3*
EW/MvO, ratio (X 1073%) 0.62+0.07 0.29+0.04* 0.26+0.04*
+0.1 png/kg/min NE 0.57+0.10 0.33+0.05* 0.24+0.04*
+0.4 ng/kg/min NE 0.48+0.12 0.32+0.06* 0.25+0.03*

MvO.,: myocardial @ consumption, EW: external work, DOB: Dobutamine, NE: Norepinephrine.
*P <0.05 compared to controls. The bold fonts represent the comparison between controls on no drugs, and moderate or severe CHF anima
receiving high-dose catecholamine infusions.

these demands can be partially compensated by4.3. Prior experimental studies

increased myocardial O extraction in moderate CHF,

this mechanism becomes exhausted in severe stages. Prior studies in experimental animal models examin-
Thus, in severe CHF requiring ‘inotropic support’ to ing the effects of catecholamines, particularly dobutam-
restore LV contractile function, increased CBF remains ine, on myocardial efficiency have yielded conflicting
the sole mechanism available to meet the excessiveresults. Wolf et al[24] performed pharmacologic stim-
metabolic demands associated with the utilization of ulation experiments in isolated, perfused hearts explant-

adrenergic agonists. ed from dogs with pacing-induced DCM, and compared
to control canine hearts. They reported significant
4.2. Coronary blood flow demands increases in Mv@ , accompanied by a parallel, although

desensitized inotropic response to dobutamine, resulting

Our study observed a near -doubling in CBF demand in unchanged contractile efficiency, as measured by the
in association with the use of either agonist to restore MvO,—PVA slope. The discrepancies can be explained
LV contractility or MAP in severe CHF. Previously by the differences in experimental conditions between
reported studies from our laboratory and othi@%—23 isolated perfused hearts and in-vivo conscious animals.
have demonstrated a significant impairment in coronary In addition, these experiments were conducted with fixed
flow reserve in advanced dilated cardiomyopathy. The heart rate and ventricular preload. We have found that
imposition of such excessive demands upon an alreadythese very same factors constitute significant determi-
limited CBF reserve in DCM can be implicated as a nants of dobutamine-induced myocardial metabolic
deleterious mechanism of catecholamines. The decreaselemands. While control of these parameters may be
in coronary sinus pH is suggestive of a supply-demand appropriate from the pure mechanistic standpoint, our
imbalance. The limitation in CBF reserve in DCM is methodology to aim at restoring normal contractility or
largely confined to the sub-endocardiui21], making MAP simulates clinical practice in a more relevant way.
this myocardial tissue a vulnerable target for ischemic Investigations in-vivo in anesthetized do@®5] or
events. Although our study did not address regional pigs [26] with ischemic LV dysfunction, have demon-
distribution of myocardial perfusion in response to strated exaggerated or unchanged MvO responses to
adrenergic agonists, it is reasonable to speculate thadobutamine, respectively. These studies reflect hetero-
prolonged administration of these drugs in s-CHF may geneous ischemic substratéacute vs. chronic and
predispose to subendocardial ischemia. Such phenomengheir results may not be directly applicable to non-
can contribute to the increased morbidity and mortality ischemic DCM. Buser et a[27] suggested a differential
associated with the clinical use of these drugs in CHF. energetic effect of dobutamin&avorable in m-CHF,
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Table 6

Comparative effects of a fixed dose of dobutamine or norepinephrine on myocagdial O demands and contractile efficiency in control vs. severe
CHF. Unlike Tables 2 and 3 that refer to ‘matched’ contractility levels, this table compares the response to the same dose of each agonist when
administered in control vs. severe CHF animals

Control Severe CHF

Baseline % change Baseline % change
Dobutamine
(10 pg/kg/min)
SW (gxm) 15+2 71+12 7+1 71+11
MvO, 2.3+0.2 144+ 7 2.440.2 63+ 7*
(ml O,/min)
Myocardial efficiency(%) 40+3 —27+9 19+2 5+ 10*
Norepinephrine
(0.04 ng/kg/min)
SW (gxm) 15+2 100+12 7+1 100+11
MvO, 2.3+0.2 174+9 2.4+0.2 79+ 8*
(ml O,/min)
Myocardial efficiency(%) 40+3 —16+10 19+2 15+ 9*

MvO,: myocardial @ consumption SW: myocardial stroke work.
*P <0.05 compared to control responses.

deleterious in s-CHFon a different animal model of efficiency may confound the interpretation of clinical
DCM (cardiomyopathic hamsterapplying a different  studies.

approach to quantify myocardial energetiddR spec- In addition, our different reference point for compar-
troscopy. Few studies of dobutamine administration isons can reconcile seemingly contradictory observa-
have been performed in conscious dogs with DCM, yet tions. In CHF, the incremental increase in MyO for
these are focused on comparing to different inotropic comparable gains in myocardial work using catechola-
strategied 28,29, rather than per se on the MyO cost mines is actually less when compared with the effect on
of restoring normal hemodynamics during progression a healthy heart stimulated with the exact same dose to
of cardiomyopathy. Our current findings are consistent a supra-normal contractile levéTable 6. This could
with those of Asai et al[29] who implied that mechan- be potentially explained by differences in metabolic
ical efficiency in dogs with severe CHF on dobutamine substrate utilization patterns. As reported from our lab-
may be depressed even at comparabledR/d: to a oratory [40] and otherd16,33, the function of driving
control group. We extend these findings to earlier stagesnormal myocardium to supra-normal levels is predomi-
of CHF, as well as to the effects of Norepinephrine nantly accomplished through free fatty acid utilization.
during progressive development of DCM. Thus, we It is plausible that equivalent increases in myocardial
studied responses to both a synthétiobutaming and EW from the depressed levels seen in cardiomyopathy
an endogenou@orepinephringadrenergic agonist seri-  to normal levels may rely more upon glucose utilization,
ally in moderate and severe CHF in a conscious exper-at a higher respiratory quotient but lower MyO . This is

imental model of DCM. in contrast to studies comparing responses to catecho-
lamines in CHF to responses in normal controls, where
4.4. Relevant clinical investigations ‘relative’ increases in contractile efficiency of inotropic

agents in CHF could be potentially attributable to

There is considerable controversy as to whether andmetabOIIC Substrate shifts.

by what mechanisms dobutamine affects mechanical

efficiency in the clinical CHF setting. Some investiga- 5. Norepinephrine effects

tions have demonstrated that dobutamine decreases

mechanical efficiency30—-33 while others suggest that Norepinephrine levels are elevated in cliniddll]
dobutamine preservd84,39 or improves[36] mechan- and experimental42] heart failure. This is the first
ical efficiency. These discrepancies reflect differences in study to confirm the detrimental O wasting effects and
myopathic substratéischemic vs. idiopathic and the contractile inefficiency following exogenous administra-
techniques used to assess efficiency and CBF in clinicaltion of norepinephrine in the setting of dilated cardio-
studies. In addition, concomitant administration of other myopathy. In addition, our findings of different
drugs (ACE inhibitors, B-blockers with known effects myocardial wall stress determinants point toward a
[18,37—3% on myocardial energetics and contractile possibly synergistic contribution of both- and g-1
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adrenergic mediated mechanisms to myocardial ineffi-

ciency in DCM.

4.6. Limitations

Our findings pertain to a model of DCM and may
differ from ischemia, infarction, or pressure-overload
hypertrophy. We did not address the issue of ‘internal’
(vs. ‘external) ventricular work that is independent of
PV area or the ‘potential energy’ of the myocardium.

As other authors have suggestétd,20,24,48 these

components could reflect basal metabolism and excita-
tion-contraction coupling that could be conceivably
altered by medications. Although the effect of dobutam-
ine on these parameters has not been shown to be

significant in isolated perfused heaif24], the impor-

tance of these mechanisms in the failing myocardium

in-vivo remains to be elucidated.

5. Conclusions

In summary, while catecholamines are effective in
restoring LV performance in both moderate and severe
CHF, the cost is significant in terms of MyO and CBF
demands. In turn, myocardial efficiency is reduced.

(5]

(6]
(7]

(8]

(9]

(10

(11

While a portion of the increased,O requirements when [12]

normalizing contractility with dobutamine is due to heart

rate increases, increased wall stress accounts for the [13

excess Mv@ with norepinephrine. These mechanisms
contribute to the deleterious effects of normalizing
cardiovascular function with catecholamines in clinical

heart failure.
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