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Knowledge of the spatio-temporal relationship between electrical excitation and mechanical 

contraction in the human heart is essential for understanding cardiac physiology and disease. 

However, electromechanical data from non-diseased human hearts are currently lacking. The 

present study is the first to combine Electrocardiographic Imaging (ECGI; a noninvasive 

method for cardiac electrophysiology mapping) with tagged magnetic resonance imaging 

(MRI) to study the electro-mechanics of healthy adult hearts in situ. This also represents the 

largest ECGI study of healthy adults to date. We provide three-dimensional data of the 

normal cardiac electrical and mechanical activation sequences, obtained from the same 

hearts under complete physiological conditions. These are important baseline data for 

studies and diagnosis of cardiac disorders and for constraining computer models of the 

human heart.

Twenty healthy adults were enrolled at Washington University in St. Louis. Healthy 

volunteer demographics are provided in Supplemental Table I. The study was approved by 

the Human Research Protection Office at Washington University in St. Louis. All 

participants provided written informed consent. Data are available upon reasonable request.

The ECGI method, developed and validated in our laboratory, was described previously1. A 

schematic of the procedure is presented in Supplemental Figure I. The method consists of 

recording approximately 250 simultaneous ECGs from the torso, using electrode strips. 
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Heart-torso geometries of subjects were imaged using a navigated anatomic MRI sequence. 

Electrode positions were marked with MRI-visible capsules. ECG recordings were 

combined with the heart-torso geometries to construct epicardial potentials and unipolar 

epicardial electrograms. Local activation times were computed from electrograms using the 

minimum dV/dt during the QRS, and recovery times using the maximum dV/dt during the T 

wave. Activation-recovery intervals (ARIs), a surrogate of local action potential duration, 

were computed by subtracting the local activation time from the local recovery time. 

Activation and recovery maps were edited based on overall sequence and neighboring 

electrograms.

Tagged MR images were obtained and analyzed using previously described methods2. ECG-

gated images were obtained in short-axis and long-axis views for a complete cardiac cycle 

beginning at end-diastole. Tagged and non-tagged images were acquired during the same 

breath hold to ensure similar anatomic positioning. Tag lines in the myocardium were 

tracked and 3D displacements were calculated from the movement of intramural tag surface 

intersection points during systole. StressCheck software (ESRD, Inc., St. Louis, MO) was 

used to compute strain values throughout the left ventricle (LV). Additional details of the 

ECGI and tagged MRI analyses are provided in the Supplemental Methods.

The epicardial electrical activation sequence is consistent among healthy adults in its overall 

pattern. In all subjects, the anatomical segment of earliest activation was between the lateral 

right ventricle (RV) and the anterior RV wall in mid or basal regions. Latest activation was 

in basal LV. The activation sequence of a representative subject is presented in Figure 1A 

and 1B. Repolarization was consistent with previous descriptions1. The mean epicardial ARI 

had a median value of 238 msec, in good agreement with the previously reported 235 msec1. 

Females had longer mean epicardial ARI than males (female median: 261 msec, male 

median: 229 msec, p = 0.001). Female ARIs were longer in both ventricles, with greater 

gender difference in the RV (Supplemental Table II). Representative ARI maps for a male 

and female are presented in Figure 1C. In contrast to previous pathological ECGI studies3–5, 

control subjects do not have indications of scar, prolonged repolarization, or steep gradients 

of repolarization. LV segment contractions were synchronous and reached peak strain 

approximately 430 msec after the onset of the QRS. A representative 3D electromechanical 

sequence is presented in Figure 1D; it is animated in the Supplemental Movie. Control 

ranges for ECGI indices of activation, scar, and repolarization are provided in Supplemental 

Table III.

The population of this study is the largest group of healthy adults imaged with ECGI to date. 

Epicardial activation breakthrough locations were consistent with previous studies by Durrer 

and Wyndham, as well as with previous ECGI results1. Importantly, this population did not 

show activation or repolarization abnormalities observed in pathological ECGI studies3–5, 

which confirms the specificity of ECGI for diagnosis and study of these conditions. The 

larger size of this study compared to a previous ECGI study of healthy adults allowed us to 

quantify the difference in epicardial repolarization between males and females. The longer 

repolarization in females is consistent with ECG findings that women have longer QTc 

intervals than men and highlights the sensitivity of ECGI for measuring repolarization. 

Exploring the link between this repolarization prolongation and the higher susceptibility of 
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women to torsade de pointes would be an interesting application of ECGI. Using tagged 

MRI, we provide a high-resolution 3D description of contraction of healthy hearts that is co-

registered spatially and temporally with detailed electrical activation and repolarization 

maps. These data can be beneficial for constraining mathematical models and validating 

computer simulations of human cardiac electromechanics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

ECGI Electrocardiographic Imaging

LV Left Ventricle

RV Right Ventricle

ARI Activation-Recovery Interval
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Figure 1. 
Excitation and contraction of the healthy adult human heart. A. Epicardial breakthrough. A 

potential minimum, indicating epicardial breakthrough, appears and expands in the mid 

lateral RV shortly after the QRS onset; the breakthrough center is indicated by asterisk. RV 

outflow tract is shown in blue and LV outflow tract in pink. Atria and LAD shown in gray. 

B. Electrical activation isochrones in the same subject. C. Activation-recovery interval maps 

from a representative male (left) and female (right) demonstrate the longer repolarization in 

females compared to males. D. Electromechanical sequences in a healthy adult heart. 

Electrical activation wave is shown in blue, with direction of propagation indicated by 

yellow arrows (left image). LV displacements during contraction of the same heart are 

depicted by colored points, with colors indicating wall segments. Point colors vary from 

septal (purple) to lateral (yellow). An animation of the electro-mechanical sequence is 

provided in the Supplemental Movie.

RA: right atrium; LA: left atrium. LAD: left anterior descending coronary artery
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