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Background: Assessment of left ventricular rotational mechanics and myocardial deformation may provide
new insight into both systolic and diastolic function. However, the effects of increasing afterload on these
measures of cardiac function are poorly understood. The aim of this study was to identify the changes in
left ventricular function and rotational mechanics during increasing pharmacologic afterload.

Methods: In 14 anesthetized rabbits, two-dimensional speckle-tracking echocardiographic images and left
ventricular pressure-volume loops were acquired at baseline and during norepinephrine, phenylephrine,
and vasopressin infusion at increasing doses. Maximal ventricular elastance, arterial elastance, ventricular-
arterial coupling, dP/dt, the time constant of relaxation, and other hemodynamic parameters were determined.

Results: An increase in dP/dtmax with norepinephrine and phenylephrine and a decrease with vasopressin at
escalating doses were detected. Ventricular-arterial coupling was preserved with norepinephrine and phenyl-
ephrine but decreased with vasopressin (P < .05). Apical rotation, rotational rate, and strain were preserved
during the norepinephrine and phenylephrine infusions but were reduced with vasopressin (P < .05). Apical
rotation and circumferential strain were significantly correlated with both ventricular-arterial coupling (r =
0.84 and r = 0.81) and dP/dtmax (r = �0.81 and r = �0.77). High-dose vasopressin decreased the diastolic
time constant of relaxation and dP/dtmin while reducing apical untwisting rate.

Conclusions: Pharmacologic increases in afterload with vasopressin resulted in greater derangements in
ventricular-arterial coupling and cardiac performance compared with norepinephrine and phenylephrine.
Rotation and strain correlated well with invasively determined measures and can be used to assess
afterload-induced alteration in cardiac function. (J Am Soc Echocardiogr 2013;26:674-82.)
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In recent years, the introduction of speckle-tracking echocardio-
graphy (STE) has renewed interest in using indices of myocardial
deformation to assess ventricular function. Left ventricular (LV) myo-
cardial strain and LV rotational mechanics are now readily character-
ized and provide new insight into both systolic1-4 and diastolic5-7

function. In the critical care and perioperative clinical settings,
pharmacologically induced elevation of afterload is often used to
improve systemic perfusion. Although elevation of arterial blood
pressure is evident with these drugs, the effects on cardiac
performance can vary and are difficult to define. In part, the

variability is due to differential actions on cardiovascular receptors
that create imbalance in relative states of ventricular afterload and
contractility, so-called ventricular-arterial coupling.8,9 The effects
of increasing afterload and altered ventricular-arterial coupling on
STE-derived strain and rotational parameters have not yet been de-
scribed and may reflect changes in systolic and diastolic ventricular
performance.

In this study, our aim was to identify changes in LV strain and rota-
tional indices that reflect effects of increasing afterload on systolic and
diastolic function and to compare them to intraventricular pressure-
volume relationships. We hypothesized that in vivo afterload increase
by three clinically used pharmacologic agents, norepinephrine,
phenylephrine, and vasopressin, alters LV rotational and strain indices
in accordance with their effects on myocardial function and
ventricular-arterial coupling.

METHODS

All animals received humane treatment in compliance with the 1996
National Research Council Guide for the Care and Use of Laboratory
Animals after approval by the University of California, Los Angeles,
Division of Laboratory Animal Medicine and the Animal Research
Committee.
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Experimental Procedures

Fourteen rabbits (mean weight,
3.07 6 0.31 kg) were anesthe-
tizedwith intramuscular ketamine
(15 mg/kg) and intramuscular xy-
lazine (1 mg/kg). Anesthesia was
maintained with isoflurane (1%–
2%) with bolus injections of fen-
tanyl (5 mg/kg) and vecuronium
(0.1 mg/kg). Respiratory support
was initiated after endotracheal
intubation with pressure-
controlled ventilation (Servo
900C; Siemens-Elema, Solna,
Sweden) (inspired oxygen frac-
tion, 1.0). Tidal volume (10–15
mL/kg) and breathing rate (22–
28 breaths/min) were adjusted
tomaintain end-tidal carbon diox-

ide at 30 to 34mmHg. Body temperature was maintained at 37�C us-
ing a heating blanket; isotonic saline solution was infused through
a central venous line at a rate of 3–5 mL/kg per hour. Arterial oxygen
saturation and an electrocardiogram were continuously monitored.
The femoral artery was cannulated to monitor mean arterial pressure
(MAP). One femoral vein and one jugular vein were cannulated for in-
travenous infusion of fluids and drugs.

After midline sternotomy and longitudinal pericardial incision,
animals were heparinized (100 U/kg), and the left ventricle was in-
strumented with a 3-Fr dual-field micromanometer-tipped pressure-
conductance catheter (Millar Instruments, Inc., Houston, TX) through
the LVapex. Correct position of the catheter was confirmed echocar-
diographically. A snare was placed around the inferior vena cava for
preload intervention.

Data Acquisition

Invasive Hemodynamic Monitoring with Pressure-Volume

Loop Analysis. Hemodynamic pressure-volume data were digitally
recorded during caval occlusion with suspension of mechanical
respiration (10–15 cardiac cycles). Heart rate, end-systolic and
end-diastolic pressures, end-systolic and end-diastolic volumes, stroke
volume, ejection fraction, and cardiac output (CO) are reported. As
a measure of afterload, arterial elastance (EA) was calculated as end-
systolic pressure divided by stroke volume.10 LV pressures and its de-
rivatives (dP/dtmax and dP/dtmin) and the time constant of relaxation
(t) were analyzed using PVAN Ultra Analysis Software version
1.0 (Millar Instruments, Inc.). LV end-systolic elastance (Emax) was
assessed as a load-independent measure of contractility and was
determined by the slope of the linear end-systolic pressure–volume
relation using PVAN Ultra Analysis Software. The ratio of Emax to
EA was determined to express the balance between ventricular con-
tractility and arterial resistance (ventricular-arterial coupling).

Echocardiographic Imaging. Open-chest epicardial echocardio-
graphy was performed using a GE Vivid 7 Dimension system (GE
Vingmed Ultrasound AS, Horten, Norway) with a 10-MHz transducer
and tissue velocity and Doppler imaging capabilities. Short-axis views
at the apical,midpapillary, andbasal levelswere obtainedwithdigitized
two-dimensional and color-coded tissue velocity imaging (two-dimen-
sional frame rate, 120–150 frames/sec). Apical short-axis views were
obtained by moving the probe apically from a midpapillary view until

the papillary muscles were no longer visible. Basal short-axis views
were obtained at the level of the mitral valve. Apical four-chamber
views including the mitral lateral annulus were recorded using color-
coded tissue velocity imaging (tissue velocity imaging frame rate
> 150 frames/sec; pulse repetition frequency, 4.5 kHz; velocity range,
6 16 cm/sec). Because of the apical cannulation site, the apical four-
chamber views were modified to maintain alignment with the mitral
annulus for analysis of tissue velocity. This was accomplished with
transducer placement slightly anterior to the apex. Two-dimensional
short-axis views of the base and apex were analyzed using speckle-
tracking software (EchoPAC PC version 8.0; GE Vingmed
Ultrasound AS) for rotation, rotational rate, and peak untwisting rate;
the midpapillary views were analyzed for global circumferential strain
(εCirc) and strain rate (SRCirc) as well as average radial strain and strain
rate. By convention, counterclockwise rotation as viewed from the LV
apex was reported as a positive value. Fractional area change was
determined, and tissue velocity images were analyzed for peak mitral
annular velocities during systole (s0) and early diastole (e0).

Experimental Protocols. The animals were stabilized for
a 30-min period before baseline measurements. After baseline
hemodynamic and echocardiographic data were recorded, infusions
of norepinephrine, phenylephrine, and vasopressin were initiated.

The order of drug infusions was randomized, and doses were ad-
justed to achieve a predefined increase in MAP: low (MAP 10%–
15% above baseline), medium (MAP 20%–25% above baseline),
and high (MAP >30% over baseline) levels. Hemodynamic parame-
ters were allowed to stabilize for approximately 15 min at each dose
before data acquisition; after the cessation of infusion of each drug,
hemodynamic values were allowed to return to baseline before
starting the next infusion. All animals were euthanized at the end of
the study with pentobarbital (100 mg/kg) and potassium chloride
solution injection intravenously.

Statistical Analysis

Analyses were performed using SigmaStat version 3.1 (Systat
Software, San Jose, CA). Results are expressed as mean6 SD. The he-
modynamic and echocardiographic measurements were compared
in the experimental stages using repeated-measures analysis of vari-
ance with pairwise multiple comparison procedures performed using
the Holm-Sidak method. The relationship between hemodynamic
and echocardiographic variables was analyzed using linear regression
analysis. P values < .05 were considered statistically significant.
Importantly, hemodynamic analysis was performed by investigators
blinded to the results of the echocardiographic data and to the order
of pharmacologic drug infusions.

Interobserver and Intraobserver Reproducibility. Two inde-
pendent observers processed echocardiography images for seven ran-
domly selected study animals for apical rotation and circumferential
strain. Each observer analyzed the same image twice. Intraobserver
variability was determined by having one observer repeat the mea-
surements 1month after the initial analysis. Interobserver and intraob-
server variability was assessed using intraclass correlation coefficients
with 95% confidence intervals, as we demonstrated previously.11

RESULTS

Low, middle, and high dose ranges for the vasoconstrictors were 0.05
to 0.15, 0.2 to 0.4, and 0.5 to 1.0 mg/kg/min for norepinephrine; 0.5

Abbreviations

CO = Cardiac output

EA = Arterial elastance

Emax = Left ventricular end-
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εCirc = Global circumferential

strain

LV = Left ventricular
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SRCirc = Global

circumferential strain rate

STE = Speckle-tracking

echocardiography

t = Time constant of relaxation
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