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Abstract Global left ventricular
function is a prognostic indicator and
is used to evaluate therapeutical in-
terventions in patients with heart fail-
ure. Regional left ventricular func-
tion can be determined with tagged
MRI. Assessment of global left ven-
tricular function using the tagging
data may have additional clinical val-
ue without incurring extra scanning
time, which is currently a limiting
factor in cardiac imaging. Direct de-
termination of end-diastolic volume
is not possible with conventional
tagged MRI. However, end-systolic
volume can be directly measured be-
cause myocardium–blood contrast
improves through a tagged image se-
ries. We investigated the potential of
tagged MRI using frequency-domain
analysis software to retrospectively
track end-diastolic contour from end-
systolic contour and subsequently
calculate the ejection fraction. Tagged
MRI was compared with the standard
bright-blood cine MRI in healthy
volunteers (n=20) and patients with
previous myocardial infarction (n=8).
Left ventricular ejection fraction de-

rived from tagged MRI is linearly
correlated to left ventricular ejection
fraction obtained by standard cardiac
cine MRI (y=1.0x+1.31, r>0.98,
p=0.014). In addition, the inter-ob-
server and intra-observer coefficient
of variation for left ventricular ejec-
tion fraction measurements was low
(CVintra=0.4%, CVinter=1.3%). With
tagged MRI, only end-systolic volume
needs to be manually determined, and
accurate estimation of left ventricular
ejection fraction is obtained because
end-diastolic and end-systolic vol-
umes are determined using identical
anatomical points. Our data indicate
that tagged MRI can be used to quan-
titatively assess both regional and
global left ventricular function. There-
fore, tagged MRI may be a valuable
clinical tool for determining the
prognosis and evaluating the effect of
therapeutical intervention using a sin-
gle imaging session in patients with
left ventricular dysfunction.
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Introduction

The prevalence and incidence of left ventricular (LV)
dysfunction is increasing in the Western world, which
can be attributed to improved treatment and subsequent
increased survival of both acute myocardial infarct and
heart failure patients. Since global LV function, ex-
pressed as left ventricular ejection fraction (LV-EF), is

an important prognostic indicator [1, 2] and can be used
to evaluate the effect of therapeutic interventions and
since regional LV function can be used to identify viable
myocardium [3, 4], a reliable technique for determining
both global and regional LV function is needed.

Cine MRI is highly accurate for determining global
myocardial function without using ionising radiation or
assumptions of ventricular shape, which are major draw-
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backs in alternative imaging modalities such as nuclear
ventriculography [5] and echocardiography [6], respec-
tively. However, quantitative analysis of regional myo-
cardial function cannot be performed.

Tagged MRI is an accepted method for assessment of
regional myocardial function [7, 8]. This technique is
based on the cine MRI sequence and induces fiducial
markers in the myocardium that can be followed during
cardiac contraction. The technique consists of the appli-
cation of a saturation pattern (i.e. dark lines) placed in
the myocardial tissue using spatially selective radiofre-
quency pulses prior to application of the imaging se-
quence [9, 10]. Since there is poor contrast between the
LV cavity and the myocardium just after tag preparation,
measurement of LV volumes has been considered unreli-
able. However, later in the image series, motion of the
blood during the cardiac cycle improves the blood–myo-
cardium contrast, which may enable adequate volume as-
sessment by tracking the endocardial contour placed on
the end-systolic frame over all the cardiac frames.

The aim of this study was to evaluate tagged MRI for
the assessment of global myocardial function, which can
be used as a prognostic indicator and for evaluating ther-
apeutic intervention. The acquisition of both global and
regional LV function in one imaging session will ensure
optimal use of available scanning time, which is often
regarded as a practical limitation in clinical cardiac MRI
imaging, especially in severely ill patients.

Materials and methods

Subjects

Twenty healthy volunteers and eight patients with previous myo-
cardial infarction were examined with both tagged MRI and cine
MRI. None of the healthy subjects had a history of cardiovascular
disease or any risk factor for cardiovascular disease. In all studied
individuals, there were no contraindications for an MRI examina-
tions. The Medical Ethical Committee of our institution approved
this study and all individuals gave informed consent.

Acquisition protocol

Imaging was performed on an Eclipse 1.5-T MR system (Philips
Medical Systems, Cleveland, OH) equipped with a cardiac
phased-array coil. Both tagged and cine sequences were acquired
during breath-hold. The protocol consisted of multiple short-axis
views (6–8 adjacent slices) acquired with the tagged and the stan-
dard cine sequence. The total acquisition time was about 35 min.

Tagged MRI

The tagged sequence consisted of a 1–3–3–1 binomial pulse tag-
ging preparation block, followed by a FAST gradient-echo imag-
ing block [11].

The imaging parameters were: tag flip angle, 90°; tag spacing,
12 mm; tag modulation was along read direction; pulse repetition
time (TR)/echo time (TE), 7.6/2.6 ms; flip angle, 15°; sampling

bandwidth, 31.25 kHz; phase encoding group (PEG) size, 6–8 ac-
cording to the patient’s heart rate; slice thickness, 8 mm; field of
view (FOV) adapted to the patient’s size, 64×256 acquisition 
matrix, zero filled by a factor of two during reconstruction; elec-
trocardiogram (ECG) gating with 12 phases covering 65% of the
cardiac cycle. To perform a two-dimensional (2D) heart analysis,
two sequences with perpendicular tag directions were acquired
during the same breath-hold [12].

Cine MRI

The parameters for the standard FAST gradient-echo cine se-
quence were: TR/TE, 9.5/3.3 ms; flip angle, 35°; sampling band-
width, 25 kHz; PEG size, 6–8 according to heart rate; slice thick-
ness, 8 mm, 128×256 matrix, zero filled by a factor of two during
reconstruction; ECG gating with 14 phases covering 88% of the
cardiac cycle.

Image analysis

The standard multislice short-axis cine MRI series were analysed
using the ImageJ program (National Institutes of Health, 
Bethesda, MD, http://rsb.info.nih.gov/ij/). The endocardial sur-
faces of the LV were traced manually. The window and level set-
tings of a representative midventricular image were optimised for
best image contrast between the myocardium and the ventricle
and then set for all images. End-diastolic (ED) images were 
chosen as the first phase after triggering off the R-wave. End-sys-
tolic (ES) images were defined as the images with the smallest
cavity area.

The tagged MRI data were analysed with HARP software [13]
based on harmonic phase imaging for automated quantification of
myocardial strains. The endocardial border just inside the myocar-
dium (1–2 mm) was manually traced (as a closed polygon) in the
ES frame and then tracked over the cardiac cycle (see Fig. 1). ED
images and ES images were defined in the same way as above.

The volume of each slice was determined using the area within
the endocardial tracing multiplied by the slice thickness. The pap-
illary muscles were regarded as being part of the LV cavity [14,
15]. The end-diastolic volume (EDV) and end-systolic volume
(ESV) were calculated by summing the volumes of all short-axis
slices. The EF was calculated as (EDV − ESV)/EDV.

Statistical analysis

Mean values and standard deviations were calculated for all pa-
rameters. Agreement between tagged MRI and standard cine MRI
data was evaluated according to the method described by Bland
and Altman [16]. In addition, linear regression analysis was used
to compare corresponding measurements from the different tech-
niques and a paired student’s t test was performed to determine
significant differences between results with a probability level of
p<0.05 considered as significant.

Intra-observer and inter-observer agreements were assessed by
processing all the tagged images twice by the same observer (in-
terval of 4 months) and by two different observers using correla-
tion and coefficient of variation (CV).

Results

This study shows an excellent agreement between tagged
MRI and cine MRI with respect to left ventricular vol-
umes and ejection fraction (LV-EF) (Table 1, Fig. 2).
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The intra-observer variability for LV-EF assessment
was low (CVintra=0.4%). The first LV-EF measure-
ment ranged from 14 to 53% with a mean of 30±13%.
The second LV-EF measurement ranged from 14 to 
54% with a mean of 30±13%. The high intra-observer
agreement was reflected by a strong correlation
(y=1.0065x−0.168, r>0.99, p=0.6) between the two
measurements.

The inter-observer variability for LV-EF assessment
was low (CVinter=1.3%). LV-EF measured by the first ob-
server ranged from 14 to 53% with a mean of 30±13%.
LV-EF measured by the second observer ranged from 14
to 53% with a mean of 29±13%. A strong correlation
(y=1.0004x−0.2861, r>0.99) was found between the
measurements of the two observers and no statistical sig-
nificant differences were observed.

Discussion

This is the first study to demonstrate that the assessment
of global LV function by tagged MRI is accurate and re-
producible and can be used to determine the prognosis
and the effect of therapeutical intervention in heart fail-
ure patients. The use of a single imaging session to de-
termine both global and regional LV function enables the
optimal use of MRI scanning time and leads to improved
patient comfort.

With tagged MRI, an overestimation of approximate-
ly 2 ml was observed for both EDV and ESV. This can
be explained by the fact that the endocardial contour
may not exactly represent the true endocardial boundary.
Indeed, tracking of the endocardial area with HARP was
performed by copying the ES contour to the preceding
frame, and then translating its vertices to equivalent po-
sitions relative to the MR tagging grid [13]. The same
process was then repeated until the ED frame had been

Fig. 1 a–c Tagged MRI images.
c The endocardial contour was
manually drawn in the end-
systolic frame and a tracked
backward to the end-diastolic
frame. b Intermediary frame
during systole. d, e The endo-
cardial contours obtained by
tagged MRI are superimposed
over the corresponding stan-
dard cine MRI d end-diastolic
and e end-systolic images

Table 1 Comparison between cine MRI and tagged MRI (in all observations n=29 including patients (n=9) and volunteers (n=20); 
ESV end-systolic volume, EDV end-diastolic volume, EF ejection fraction, CI confidence interval, SD standard deviation, NS not significant)

Tagged MRI Cine MRI Difference 95% CI Limits of agreement

Mean ± SD Range Mean ± SD Range

ESV (ml/m2) 33±21 12–86 31±21 9–88 2 (4.8%)* 0–3 −5–8
EDV (ml/m2) 58±22 33–111 56±22 29–114 2 (3.25%)** 0–4 −9–13
EF (%) 47±14 14–66 49±16 14–69 −1 (−2.54%)* −2–0 −6–4

*p<0.03; **p=NS
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analysed. Tracking of the endocardial contour sometimes
failed when the initial ES contour was drawn exactly at
the endocardial cavity boundary. Subsequently, when the
polygon vertices, which were copied to the preceding
frame, are positioned within the ventricular cavity, rather
than the myocardium, the program cannot properly 
detect the endocardial contour. To overcome this prob-
lem the initial contour must be drawn just inside the
myocardium (1–2 mm) (Fig. 1e). In addition, since a rel-
atively large delay between two consecutive frames in
our study has contributed to this phenomenon, the use of
MRI systems that can acquire more frames per cardiac
cycle will further reduce the overestimation of myocar-
dial volumes.

The difference between LV-EF obtained by tagged
MRI and standard cine MRI was approximately −1%,
which is explained by the overestimation of both EDV

and ESV. However, a strong correlation and consistency
between the two methods for the calculation of LV-EF
indicates the existence of a systematic error. This small
discrepancy between the LV-EF derived with cine and
tagged MRI is of limited clinical importance, since
changes in LV-EF within a patient over time are used for
the evaluation of a therapeutical intervention. However,
when LV-EF is used as a prognostic marker, correction
of this systematic error may be indicated.

In this study, dark-blood tagged sequence, which 
can be used to enhance myocardium–cavity contrast,
was not used for the following reasons. First, HARP
analysis does not required cavity segmentation. Second,
adding dark-blood preparation to the tagged cine se-
quence would increase scanning time and require longer
breath-hold periods, which is a drawback in patients
with dyspnea due to heart failure. Currently, the breath-
hold duration was about 15 s, which was well supported
by the patient, and enabled the acquisition of a complete
slice.

The main study limitation is related to the small num-
ber of patients suffering from myocardial infarct, while
other pathologies were not included. The study results
therefore cannot be generalized to any clinical situation
without caution.

Conclusion

This study demonstrates that tagged MRI is an accurate
and highly reproducible method for assessment of LV-
EF, which can be used as a prognostic tool in patients
with LV dysfunction. In addition, high reproducibility al-
lows for the detection of small changes in LV-EF over
time to monitor the effect of therapeutical intervention in
these patients. Since a single tagged MRI acquisition
provides both regional and global LV function, available
scanning time is optimally used. Future use of optimised
tagged MRI sequences, such as segmented k-space ac-
quisition, may reduce imaging time, which may further
improve cost-effectiveness.
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Fig. 2a–f Linear regression plots (a, c, e) and Bland–Altman
analysis of agreement (plots) (b, d, f; solid line mean, dashed 
line mean ± 2 SD) between cine MRI and tagged MRI in the 28
subjects. a, b End-diastolic volume; c, d, end-systolic volume; 
e, f, ejection fraction
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