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DeWitt ES, Black KJ, Thiagarajan RR, DiNardo JA, Colan SD,
McGowan FX, Kheir JN. Effects of commonly used inotropes on
myocardial function and oxygen consumption under constant ventric-
ular loading conditions. J Appl Physiol 121: 7–14, 2016. First pub-
lished May 5, 2016; doi:10.1152/japplphysiol.00058.2016.—Inotro-
pic medications are routinely used to increase cardiac output and
arterial blood pressure during critical illness. However, few compar-
ative data exist between these medications, particularly independent
of their effects on venous capacitance and systemic vascular resis-
tance. We hypothesized that an isolated working heart model that
maintained constant left atrial pressure and aortic blood pressure
could identify load-independent differences between inotropic medi-
cations. In an isolated heart preparation, the aorta and left atrium of
Sprague Dawley rats were cannulated and placed in working mode
with fixed left atrial and aortic pressure. Hearts were then exposed to
common doses of a catecholamine (dopamine, epinephrine, norepi-
nephrine, or dobutamine), milrinone, or triiodothyronine (n � 10 per
dose per combination). Cardiac output, contractility (dP/dtmax), dia-
stolic performance (dP/dtmin and tau), stroke work, heart rate, and
myocardial oxygen consumption were compared during each 10-min
infusion to an immediately preceding baseline. Of the catecholamines,
dobutamine increased cardiac output, contractility, and diastolic per-
formance more than clinically equivalent doses of norepinephrine
(second most potent), dopamine, or epinephrine (P � 0.001). The use
of triiodothyronine and milrinone was not associated with significant
changes in cardiac output, contractility or diastolic function, either
alone or added to a baseline catecholamine infusion. Myocardial
oxygen consumption was closely related to dP/dtmax (r2 � 0.72),
dP/dtmin (r2 � 0.70), and stroke work (r2 � 0.53). In uninjured,
isolated working rodent hearts under constant ventricular loading
conditions, dobutamine increased contractility and cardiac output
more than clinically equivalent doses of norepinephrine, dopamine,
and epinephrine; milrinone and triiodothyronine did not have signif-
icant effects on contractility.

inotropy; contractility; oxygen consumption

NEW & NOTEWORTHY

This work provides a direct comparison of commonly used
positive inotropic medications, comparing contractility, heart
rate, diastolic function, and myocardial oxygen consumption
using a rodent isolated working heart model. When loading
conditions were held constant, dobutamine and norepinephrine
exhibited the most potent effects on systolic and diastolic
function. In this model, milrinone and triiodothyronine exhib-
ited minimal effects on contractility.

MEDICATIONS WITH POSITIVE inotropic effects are commonly used
to augment cardiac output, reverse hypotension, or improve
oxygen delivery in critically ill patients. In addition to effects
on the myocardium itself, these agents may have mixed effects
on vascular receptors, altering systemic vascular resistance and
venous capacitance, and heart rate. These changes alter the
loading conditions of the ventricle, making it difficult to
understand how each medication affects the myocardium
proper. Distinguishing myocardial from vascular effects is
critical to understanding how each medication affects myocar-
dial work, myocardial oxygen consumption and cardiac output
in clinical use, particularly so in critically ill patients.

The choice of inotropic agent in the treatment of patients
with heart failure, sepsis, and other forms of critical illness
varies widely and is largely guided by expert opinion and
institutional preference (1, 3, 24). Few randomized trials exist
to inform decisions, and the majority of direct comparisons
examine clinical outcomes, rather than measured cardiac out-
put, and show few between-group differences (4). To under-
stand the effects of a drug on systolic and diastolic function
requires direct, invasive measurements of cardiac output and
simultaneous measures of ventricular pressure and volume,
measurements that are rarely performed in critically ill pa-
tients. Although literature describing the in vitro effects of
many of these agents is abundant, few compare multiple
currently used medications.

When reviewing our own intensive care unit practices, we
identified the following medications to be most commonly
used: catecholamines (dopamine, epinephrine, norepinephrine,
and dobutamine), milrinone, and triiodothyronine (T3). These
medications are also commonly described in the critical care
literature. To enhance our understanding of these medications,
we investigated the relative effects of each on contractility,
diastolic function, and heart rate in an experimental preparation
in which ventricular loading conditions were kept constant. We
also investigated the primary determinants of myocardial ox-
ygen consumption in hearts exposed to these medications.

MATERIALS AND METHODS

Animal preparation. The following protocol was approved by the
Institutional Animal Care and Use Committee at Boston Children’s
Hospital. Sprague Dawley rats (n � 24, 343-452 g) were housed in the
Animal Resources at Children’s Hospital (ARCH) with a 12:12-h
day-night cycle and with free access to food and water until the date
of experimentation. Animals were anesthetized with inhalational iso-
fluorane (1.5–2.5%) and anticoagulated (heparin 100 U/100 g ip). The
heart and lungs were explanted en bloc by a single researcher (J. N.
Kheir) and placed immediately in ice-cold modified Krebs Henseleit
buffer (KHB). The aorta was then cannulated and retrograde perfused
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using a perfusion pressure of 90 mmHg (Harvard Apparatus IH51-B;
Fig. 1). The pulmonary veins were then isolated and ligated bilater-
ally. The left atrium was cannulated for the provision of preload KHB,
as was the pulmonary artery for the collection of coronary effluent. A
pressure-volume catheter (6.0-mm spacing; Millar Instruments) was
inserted into the left ventricle retrograde through the aortic valve, or
when this was technically challenging, via transapical puncture. There
were no differences noted between these two approaches in baseline
or postdrug measurements of dP/dtmax or peak systolic pressure. The
heart was then transitioned into working heart mode with a fixed left
atrial pressure of 10 mmHg, and mean aortic pressure was fixed at 90
mmHg. All perfusates passed through a 0.22-�m filter prior to
entering the heart.

Following a 10-min period of baseline observation, a medication
was infused into the left atrial block. At the initiation of each inotropic
infusion, a bolus of 0.40 ml was delivered via the pump to prime the
tubing. An acute change in hemodynamics was noted for �30 s

following each bolus, which returned to a new baseline rapidly
thereafter. Thus hemodynamic data were excluded for a 2-min equil-
ibration period, and hemodynamic measurements were collected for
the subsequent 10-min infusion. Only one drug or drug combination
was tested in each preparation.

Treatment groups. Isolated hearts were treated with one of the
following medications and doses: dopamine (3, 5, 10, or 15
�g·kg�1·min�1), dobutamine (3, 5, 10, or 15 �g·kg�1·min�1), epi-
nephrine (0.05, 0.1, or 0.2 �g·kg�1·min�1), norepinephrine (0.05, 0.1,
or 0.2 �g·kg�1·min�1), milrinone (0.25, 0.5, or 1 �g·kg�1·min�1),
and triiodothyronone (0.05 or 0.1 �g·kg�1·min�1). Because the vol-
ume of distribution prior to coronary perfusion was limited to the left
atrium and ventricle, no milrinone load was given. For the purposes of
comparison of drugs with different potencies, the lowest tested doses
of each drug were considered to be “clinically equivalent,” as were the
highest doses. To further examine whether milrinone has a synergistic
inotropic effect when combined with catecholamines, the same end

Fig. 1. Depiction of experimental preparation, including the preload and afterload system.
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points were measured when milrinone (0.25, 0.5, or 1
�g·kg�1·min�1) was added to a baseline of either dopamine 5
�g·kg�1·min�1 or epinephrine 0.1 �g·kg�1·min�1. All dosages were
based on measured whole body weight.

Measurements. We calculated maximum rate of pressure rise (dP/
dtmax, mmHg/s) and stroke work (ml·mmHg) as measures of systolic
function. The maximum rate of pressure fall (dP/dtmin, mmHg/s) and
isovolumic relaxation constant (tau, ms, determined by curve fit of the
isovolemic pressure-time curve) were measured as diastolic variables.
Heart rate (HR, beats/min) and cardiac output (CO, �l/min) were
determined from conductance data. Signals were sampled by a MPVS
Ultra (Millar Instruments) and recorded and analyzed in LabChart 7
Pro (PowerLab 16/35; ADInstruments). Raw data were recorded at a
frequency of 1,000 samples per second. The median value for each
minute was calculated for each end point using the DataPad function
within the software. Median values over the baseline period prior to
each dose of each medication were calculated and compared between
drugs (Table 1). The effect of treatment on each end point was
represented as a percentage of change in this baseline value.

Myocardial oxygen consumption was calculated using the follow-
ing formula as previously described (16): [arterial � venous oxygen
tension (mmHg)] � [solubility of oxygen at 37°C (ml oxygen/ml
saline)] � [coronary flow rate (ml/min)], where “arterial” and “ve-
nous” oxygen tension were measured in left atrial perfusate and
coronary sinus effluent, respectively. Coronary vascular resistance
was calculated as follows: (diastolic aortic root pressure � mean right
atrial pressure)/coronary flow rate. Coronary flow rate was quantified
each 5 min using timed collections in a graduated cylinder.

In this model, we chose to infuse set doses (i.e., �g·kg�1·min�1) of
medication from a syringe into the KHB perfusing the left atrial block
(whose flow rate was equivalent to the cardiac output); in many other
models, the left atrial block is perfused with KHB containing a set
concentration of a given agent. We chose to deliver the infusions in
this manner to make the analyses more applicable to clinical practice.
To permit comparisons to literature in which fixed concentrations are
infused, we calculated drug concentration for each 10-min adminis-
tration as follows: {[administered dose (�g·kg�1·min�1)] � animal
body wt � 10 min}/total cardiac output over the same 10-min period.

Statistical methods. For each condition (i.e., drug and dose com-
bination), the median value of each end point was determined for the
immediately preceding 10-min baseline period. The percent change
from that baseline was calculated for minutes 2–12 following initia-
tion of the medication infusion. The change from baseline was then
calculated for each experimental replicate. Because dopamine is the
most commonly utilized inotrope in our intensive care unit, we
compared end points at the maximum tested doses of each inotrope to
that of dopamine using a Kruskall-Wallis test with Dunn’s multiple
comparisons posttest (Prism version 6.0; GraphPad, LaJolla, CA).
Dose-response relationships were compared within and between treat-
ments by linear regression analysis. The relationship between myo-
cardial V̇O2, dP/dtmax, and treatment group was assessed by multiple
regression analysis (SPSS Statistics for Windows, version 22.0; IBM,
Armonk, NY). A P value of �0.05 was considered statistically
significant.

RESULTS

Baseline function. As shown in Table 1, there were minimal
differences in baseline myocardial function between treatment
groups. Compared with dopamine, hearts treated with dobut-
amine exhibited lower baseline dP/dt and higher heart rate,
those treated with norepinephrine and epinephrine exhibited a
higher baseline tau, and those treated with T3 exhibited a
higher baseline heart rate. Cardiac output was similar between
all baseline periods in all groups (P � 0.19, ANOVA).

Inotrope concentrations. The calculated concentrations of
each dose of each drug are listed in Table 2. As expected, each
drug concentration increased with the dose administered. How-
ever, medications that caused more significant increases in
cardiac output were present in relatively lower concentrations
as each set drug rate was diluted by the increased cardiac
output.

Systolic function. Across the range of doses tested, dobut-
amine resulted in the steepest dose-response curve for dP/dtmax

and stroke work, followed by norepinephrine, then dopamine,
then epinephrine (Fig. 2A). The slope of the contractility
dose-response curve was not different from 0 for milrinone and
T3. Maximal doses of dobutamine resulted in greater increases
in contractility than maximal doses of dopamine (P � 0.05),
which was superior to maximal doses of milrinone (P � 0.01).
Relative to dopamine, only maximum doses of dobutamine
increased stroke work more than maximum doses of dopamine
(P � 0.01). Changes in stroke work were not different between
maximum doses of dopamine, epinephrine, norepinephrine,
milrinone, or T3 (Fig. 2B).

Diastolic function. Relative to maximum doses of dopamine,
the maximum rate of pressure decrease (dP/dtmin) compared
with baseline was greater in dobutamine and norepinephrine-
treated hearts (P � 0.05), suggesting enhanced diastolic func-
tion with these agents. Changes in dP/dtmin across dosing
ranges tested were not significant for epinephrine-, milrinone-,
or T3-treated hearts (P � 0.05, Fig. 3A). Across the doses
tested, dobutamine and norepinephrine resulted in greater de-
creases in tau (left ventricular time constant) relative to base-
line than did dopamine, milrinone, or T3 (P � 0.001, Fig. 3B).
Relative to dopamine, left ventricular end diastolic volume was
similar during treatment with maximum doses of dobutamine
and norepinephrine, but was higher compared with baseline
following treatment with maximal doses of milrinone (P �
0.01), epinephrine (P � 0.01), and T3 (P � 0.05) (Fig. 3C).

Heart rate, stroke volume, and cardiac output. Across the
doses tested, the magnitude of change above baseline heart rate
(i.e., chronotropic effect) was greatest in dopamine-treated
hearts, followed by dobutamine-treated hearts and then norepi-

Table 1. Characteristics of hearts in each group as measured at baseline

dP/dtmax, mmHg/s LVSP, mmHg Tau, s HR, beats/min CO, ml/min

Dobutamine 3627 [3386–4128]* 106 [101–112] 12.9 [11.7–16.7] 396 [376–407]† 23.1 [21.6–31.2]
Norepinephrine 3570 [3498–4470] 86 [88–105] 13.8 [13.8–16.3]* 322 [314–325] 17.5 [16.5–20.1]
Dopamine 4539 [4154–4816] 107 [99–107] 12.5 [12.0–13.2] 331 [323–349] 22.9 [18.9–25.2]
Epinephrine 4627 [3633–4821] 112 [95–112] 16.8 [14.4–24.4]† 328 [318–335] 14.1 [16.2–29.9]
Milrinone 3654 [3536–4899] 95 [90–101] 12.8 [12.1–17.4] 331 [323–343] 25.5 [20.5–26.3]
T3 3705 [3532–4252] 109 [106–110] 12.8 [12.3–14.0] 356 [352–363]* 17.5 [16.4–20.1]

Data are medians, 95% confidence interval shown in brackets. LVSP, left ventricular systolic pressure. *P � 0.05; †P � 0.01 different from dopamine
baselines.
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nephrine- and epinephrine-treated hearts. Milrinone and T3 did
not exert a significant chronotropic effect (Fig. 4A). There was
no difference in heart rate change between maximal doses of
dopamine and dobutamine or norepinephrine, and dopamine
exerted a significantly greater chronotropic effect than epi-
nephrine (P � 0.01) and milrinone and T3 (P � 0.001).

Compared with dopamine, only dobutamine exhibited a
significantly greater increase in stroke volume above baseline
(P � 0.001, Fig. 4B). None of the other agents tested, including
dopamine, exhibited a dose-dependent increase in stroke vol-
ume above baseline (P � 0.05), though dobutamine did (P �
0.001).

Compared with dopamine 3 �g·kg�1·min�1, only dobut-
amine (all doses) resulted in a significantly greater increase in
cardiac output, which afforded up to a 200% increase in
cardiac output at the highest doses tested (Fig. 5). The slope of
the dose-response relationship was greater for dobutamine than
for dopamine and epinephrine (P � 0.01). Milrinone and T3
did not change cardiac output across the doses tested (P �
0.05).

Myocardial oxygen consumption. Increases in myocardial
oxygen consumption correlated most closely with increases in
markers of systolic function, including dP/dtmax (r2 � 0.72)
and stroke work (r2 � 0.48), as well as diastolic function
(dP/dtmin, r2 � �0.71) (Fig. 6). When controlling for differ-
ences in dP/dtmax, myocardial oxygen consumption was not
significantly different between the inotropes tested.

DISCUSSION

The key findings of this work are as follows. 1) Of the
catecholamines tested, dobutamine affords the greatest in-
crease in contractility and cardiac output and the most pro-
nounced dose-response effect. 2) Within the dosing range and
time course examined here, neither milrinone nor triiodothy-
ronine significantly alters myocardial contractility or lusitropy.
3) In an isolated heart model, changes in myocardial oxygen
consumption are primarily related to changes in contractility
rather than class of drug.

Relative potency of catecholamines. The relative potency of
several catecholamines has been well studied both in vitro and
in vivo, though few studies have compared multiple medica-
tions head-to-head. We found that dobutamine increased mark-
ers of contractility, including dP/dtmax and stroke work, more
so than any other catecholamine at clinically used doses. This
is consistent with prior reports that dobutamine (a derivative of

Table 2. Calculated effective drug concentrations in coronary perfusate for each drug combination

“Low Dose” “Low-Moderate Dose” “Moderate-High Dose” “High Dose”

Dopamine
Dose, �g·kg�1·min�1 3 5 10 15
Concentration, ng/ml 60.7 	 43.3 96.8 	 79.3 189.3 	 176.8 263.7 	 221.3

Dobutamine
Dose, �g·kg�1·min�1 3 5 10 15
Concentration, ng/ml 30.8 	 11.9 47.6 	 17.6 95.4 	 37.8 144.4 	 61.6

Epinephrine
Dose, �g·kg�1·min�1 0.05 0.1 0.2
Concentration, ng/ml 0.69 	 0.49 1.46 	 0.94 2.57 	 1.59

Norepinephrine
Dose, �g·kg�1·min�1 0.05 0.1 0.2
Concentration, ng/ml 1.02 	 0.54 1.86 	 0.58 3.38 	 2.09

Milrinone
Dose, �g·kg�1·min�1 0.25 0.5 1
Concentration, ng/ml 5.5 	 2.9 10.8 	 3.7 24.4 	 8.2

Triiodothyronine
Dose, �g·kg�1·min�1 0.05 0.1
Concentration, ng/ml 1.24 	 0.27 2.51 	 0.42

Data are means 	 SD. Doses shown each minute were distributed within the cardiac output for that minute; thus, for medications with small effects on cardiac
output (e.g., triiodothyronine), the relationship between drug dose and drug concentration was linear, but was discrepant in drugs with more pronounced effects
on cardiac output. Doses in the “low dose” column were considered “clinically equivalent” low doses, and those in the “high dose” column were considered
“clinically equivalent” high doses.
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Fig. 2. Effects on systolic function. Percentage of change in dP/dtmax (A) and
stroke work (B) from an immediately preceding baseline for each dose of
inotrope measured. Within milrinone group, end points were measured with
milrinone alone (solid black lines) and in addition to a baseline of
dopamine 5 �g·kg�1·min�1 (dashed black lines) and epinephrine 0.1
�g·kg�1·min�1 (dashed gray lines). *P � 0.05, **P � 0.01, n � 10
replicates per group. Error � SE.
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isoproterenol designed to mitigate its chronotropic effect) in-
creases contractility more than norepinephrine and with a
lesser chronotropic effect in dogs (21). In clinical studies,
dobutamine caused a greater increase in systemic oxygen
delivery and cardiac index than did equivalent doses of dopa-
mine in adult patients with critical illnesses (20). We found that
the increase in heart rate across dobutamine’s dose-response
curve was of lesser magnitude than equivalent doses of dopa-
mine. This suggests that increases in dP/dtmax were not solely
due to increases in heart rate, which is known to positively
affect contractility (the Treppe effect) (5).

We also found that norepinephrine, dopamine, and epineph-
rine were similar to each other in their inotropic effects, each
exhibiting a dose-dependent increase in contractility and car-
diac output that was less than that of dobutamine but that was
significantly different from baseline. It has been previously

described that the inotropic effects of dopamine and norepi-
nephrine are similar in adult ex vivo canine hearts (19) and that
myocardial 
-adrenergic receptors may independently mediate
contractility (11). Further, no difference in cardiac index or
survival was noted in a large clinical trial comparing dopamine
and norepinephrine as primary therapies for septic shock (4).

In these acute experiments, we also found that the cat-
echolamines had favorable effects on diastolic function, as
indicated by a decreased tau and an increased rate of pressure
fall (i.e., more negative dP/dtmin). Tau, the time constant of
exponential ventricular pressure fall during isovolumic relax-
ation, has been regarded as a load-independent marker of
ventricular relaxation (18). In this acute experiment, we found
that tau was inversely correlated with dP/dtmax for all of the
catecholamines, suggesting that the myocardium relaxes more
rapidly (resulting in a shorter tau) as contractility increases (as
indicated by an increased dP/dtmax) with catecholamine admin-
istration, a finding that has been described in other settings
(18).

Direct cardiac effects of milrinone. Milrinone, an inhibitor
of cardiac adenosine 3=-5=-adenosine monophosphate (cAMP)
phosphodiesterase, has a well-established role in the treatment
of heart failure. It is clear that milrinone causes a decrease in
systemic vascular resistance and an increase in cardiac output
when used clinically. For example, milrinone has been shown
to cause a reduction in cardiac filling pressures and peripheral
vascular resistance and an increase in cardiac output in patients
following cardiac surgery (1, 9). However, it remains unclear
whether the increase in cardiac output is due to an intrinsic
inotropic effect, a reduction in afterload, or both (23).

-100%
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200%

-20%

20%

40%

Fig. 4. Effects on heart rate and stroke volume. Percentage of change in heart
rate (A) and stroke volume (B). Within milrinone group, end points were
measured with milrinone alone (solid black lines) and in addition to a baseline
of dopamine 5 �g·kg�1·min�1 (dashed black lines) and epinephrine 0.1
�g·kg�1·min�1 (dashed gray lines). **P � 0.01, ***P � 0.001, n � 10
replicates per group. Error � SE.
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Fig. 3. Effects on diastolic function. Percentage of change from baseline in
maximum rate of pressure fall (dP/dtmin, A), isovolemic relaxation constant
(tau, B), and left ventricular end diastolic volume (C). Within milrinone group,
end points were measured with milrinone alone (solid black lines) and in
addition to a baseline of dopamine 5 �g·kg�1·min�1 (dashed black lines) and
epinephrine 0.1 �g·kg�1·min�1 (dashed gray lines). *P � 0.05, **P � 0.01,
***P � 0.001, n � 10 replicates per group. Error � SE.
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In another study, directed intracoronary infusion of milri-
none in patients with heart failure (to primarily deliver the drug
to the myocardium and a lower dose to the vasculature)
resulted in a significant decrease in atrial pressures and in-
crease in dP/dtmax. These effects were significantly potentiated
when higher doses were administered systemically, causing a
measureable reduction in afterload (14). The authors concluded
not only that milrinone’s effects were related primarily to its
vasodilatory effects but also that a direct inotropic effect was
possible. Because our experimental construct resulted in a
fixed preload and afterload, any vasodilatory effect of milri-
none infusion was obviated. In that setting, we did not find a
significant inotropic or lusitropic effect related to milrinone
administration, nor did we find that milrinone potentiated the
inotropic effect of catecholamine infusions. It is possible that
milrinone’s inotropic effects would take place over a longer
time course or if administered at higher concentrations, though

hemodynamic changes have been well demonstrated during
short-term infusions (i.e., �15 min) in in vivo experiments
(14). It may also be that, in some settings, milrinone has no
direct effects on the myocardium; when compared head-to-
head in patients with dilated cardiomyopathy and heart failure,
amrinone and sodium nitroprusside caused equal improve-
ments in cardiac index and left ventricular end diastolic pres-
sure in patients (22, 23). Thus our data support the notion that
milrinone’s effects may be primarily or even exclusively that
of arterial and venodilation, thus lowering myocardial afterload
and enhancing performance.

Direct cardiac effects of triiodothyronine. Thyroid hormone
is known to have important effects on the cardiovascular
system, including an increase in myocardial contractility and a
decrease in systemic vascular resistance when used in vivo
(17). Because triiodothyronine (T3) acts via a mechanism that
is distinct from other classes of inotropes and has a benign
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Fig. 5. Effects on cardiac output. Percentage of change from baseline in cardiac output as categorized by inotrope and dose (A). Compared with an infusion of
dopamine 3 �g·kg�1·min�1, only dobutamine resulted in a significantly higher cardiac output (B). A: Error � SE. Within milrinone group, end points were
measured with milrinone alone (solid black line) and in addition to a baseline of dopamine 5 �g·kg�1·min�1 (dashed black line) and epinephrine 0.1
�g·kg�1·min�1 (dashed gray line); n � 10 replicates per group. B: Error � 95% confidence interval. *P � 0.05, **P � 0.01.
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Fig. 6. Relationship between changes in myocardial oxygen consumption and contractility (dP/dtmax, A), stroke work (B), heart rate (C), and maximum rate of
pressure fall (dP/dtmin, D) for all groups. Data are individual points (n � 190); lines are linear regression lines. Error � 95% confidence interval of linear
regression lines. MyoVO2, myocardial oxygen consumption.

12 Hemodynamic Comparisons of Common Inotropes • DeWitt ES et al.

J Appl Physiol • doi:10.1152/japplphysiol.00058.2016 • www.jappl.org

 by 10.220.33.1 on D
ecem

ber 10, 2016
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


adverse effect profile and because native thyroid function is
often altered in patients with heart failure (8), administration of
T3 has received considerable attention in the care of critically
ill patients (6). However, the acute inotropic effects of T3
independent of afterload have not been established. T3 infu-
sions have not consistently demonstrated improvements in
cardiac output in adults with heart failure (7) or in neonates
following cardiac surgery (15). In the setting of this acute
experiment, in which afterload was held constant, T3-treated
hearts did not exhibit any significant changes in systolic or
diastolic performance or in myocardial V̇O2. However, it may
be that T3’s effects would be subacute because of its mecha-
nisms of action, an area that merits future study.

Effects of inotropes on myocardial oxygen consumption. In
addition to their effects on the myocardium and vasculature,
some researchers have implicated differential effects of cat-
echolamines on oxygen consumption. In the late 1990s, Shoe-
maker et al. described increases in V̇O2 during administration
of dopamine or dobutamine to critically ill patients (20).
Similarly, Li et al. demonstrated that termination of dopamine
in infants following congenital heart surgery resulted in a
nearly immediate 20% decrease in oxygen consumption (13).
Whether such changes in V̇O2 are related to myocardial oxygen
consumption, brown fat metabolism, or other effects remains
unclear, though it is intuitive that as the stroke work and heart
rate increase the myocardium must consume more oxygen.
Concordantly, we found that changes in myocardial oxygen
consumption were most closely correlated with changes in
contractility (as indicated by dP/dtmax), diastolic function (dP/
dtmin), and stroke work and more loosely associated with heart
rate. When controlled for these markers of myocardial work,
we did not find significant between-group differences in myo-
cardial oxygen consumption. Said another way, we did not find
that any of the inotropes increased myocardial oxygen con-
sumption disproportionate to the increase in myocardial work.
Rather, between-group differences in myocardial oxygen con-
sumption were related to the differential potency noted be-
tween agents. Thus changes in whole body oxygen consump-
tion noted with infusions of inotropic agents are likely partially
related to increased myocardial work (and the associated en-
ergy costs) and increased cardiac output and systemic oxygen
delivery, which may increase total body oxygen consumption
in some circumstances (20). Whether the use of these agents in
vivo disproportionately increases whole body oxygen con-
sumption (e.g., through brown fat metabolism and thermogen-
esis) remains a question that merits further investigation.

Limitations. There are several limitations to this work that
merit discussion. First, while ex vivo study of the myocardium
allowed us to study the relative acute, load-independent effects
of these medications, each of them has important vascular
effects in vivo. Loading conditions of the heart are intimately
related to function, and therefore this artificial construct is only
useful to enhance our understanding of these effects indepen-
dent of changes in ventricular loading conditions, and not to
predict a patient’s response to a medication per se. For exam-
ple, medications that cause arteriolar vasoconstriction increase
afterload and may diminish cardiac performance under some
circumstances. Further, it is known that the potency of cat-
echolamines is significantly diminished when used ex vivo
compared with in vivo (12); thus our results can only be used
to understand the effects of these agents on the myocardium

proper in relation to one another. Second, our experimental
construct differed from common preparations in the way med-
ications were administered. Most groups have administered
KHB mixed with a defined concentration of drug, rather than
infusing a defined mass of drug per unit time. We chose this
construct to emulate the clinical use of these medications,
permitting comparisons between commonly used doses and
drugs. The disadvantage to this construct is that the intracoro-
nary concentration of medications may have differed from
those measured in vivo, given differences in volume of distri-
bution and cardiac output between species and also between in
vivo and ex vivo scenarios. For example, the calculated con-
centrations of milrinone in our preparation are at the low end
of the broad range described in patients during intravenous (10)
or intracoronary (14) administration of milrinone (12–200
ng/ml), raising the possibility that the potency of some drugs in
this construct may be underrepresented. However, because all
drugs were dosed and infused in the same way between groups,
the relative comparisons presented here should be valid. Sec-
ond, this acute study avoided several factors that may affect
contractility during long-term infusions of inotropes. For ex-
ample, prolonged exposure to catecholamines may result in
downregulation of the beta receptor, diminishing the dose
responsiveness to this class of drugs over time (2). Alterna-
tively, prolonged treatment with inotropes may cause ventric-
ular hypertrophy or may alter calcium handling with negative
effects on diastolic function in patients with heart failure.
Third, our experiment took place in nonischemic, uninjured,
and nondiseased hearts. The response of the myocardium to
catecholamines in these settings may differ significantly. For
example, while we found that healthy hearts exhibit a linear
increase in cardiac output at high doses of dopamine, in vivo
studies have demonstrated that cardiac index may in some
cases fall in critically ill patients treated with high doses of
dopamine; this may be explained by the vasoconstrictive ef-
fects of the drug which may impair myocardial contractility in
myopathic patients.

Conclusions. In uninjured, isolated working rodent hearts,
dobutamine exhibits superior potency to norepinephrine, do-
pamine, and epinephrine. Under these circumstances, milri-
none and T3 did not have significant effects on contractility.
Once controlling for differences in inotropic effects, changes in
myocardial oxygen consumption were similar between the
drugs tested.
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