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ABSTRACT
The aim of this study was to assess the accuracy of cardiac functional values obtained from
free-breathing real-time cine CMR with the temporal sensitivity encoding (TSENSE) technique by
comparing them with values obtained from conventional cine CMR. For the real-time cine CMR,
two protocols were employed, one with good temporal resolution and one with good spatial
resolution. The functional values obtained from the high temporal resolution real-time cine CMR
agreed and correlated well with those of cine CMR. On the other hand, statistically significant
but clinically slight overestimation of ESV (p < .05) and underestimation of EF (p < .01) were
observed with the other protocol. Real-time cine CMR with TSENSE can provide acceptable
cardiac functional values.

INTRODUCTION
Cardiac functional analysis is important in the treatment of
coronary artery disease. To date, cardiac magnetic resonance
imaging (CMR) has been a reference standard in the measurement of left ventricular (LV) volume and mass because it is
independent of geometric assumptions, is noninvasive, and is
free of exposure to contrast agents or radiation (1–3). Also of
note, real-time cine CMR can provide cardiac functional images
without breath holding (4–6).
A spatiotemporal filtering method, TSENSE (a Works-inProgress sequence, Siemens, Erlangen, Germany) has recently
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been introduced to real-time cine CMR to achieve image reconstruction with better absolute temporal resolution (7). TSENSE
combines temporally interleaved k-space lines to generate coil
sensitivity maps directly from imaging data. A sliding window
method is used to update the coil sensitivity estimation for
every phase, but the raw data for each reconstructed image
is unique, that is, each raw data point is used in only one
reconstruction. As a result, both faster data acquisition and
higher true, not effective, temporal resolution of reconstructed
images are achieved (Fig. 1).
However, validation of the volume measurements has not
been completed yet. Thus, the aim of this study was to assess
the accuracy of global cardiac functional values obtained from
free-breathing real-time cine CMR with TSENSE, by comparing
with values obtained from breath-hold cine CMR.

MATERIALS AND METHOD
Twenty-two patients diagnosed with coronary artery disease
underwent cardiac CMR from August 2004 to April 2005. The
study group consisted of 14 men (age range, 46–84 years; mean
age, 68 years) and 8 women (age range, 54–83 years; mean age,
67 years). Mean heart rate during the acquisition of CMR ranged
from 51 to 98 beats per minute (mean ± standard deviation,
801

Table 1. Three Cine CMR Protocols
Real-Time CMR Real-Time CMR Segmented
(Protocol A)
(Protocol B) true FISP CMR

Figure 1. K-space acquisition for acceleration rate 2 example.
Solid lines are acquired phase-encoding lines and dotted lines are
skipped. A series of image frames are sequentially acquired, alternately sampling even and odd lines of k-space. Using a sliding
window method, data from adjacent cardiac phases are combined
and averaged for coil sensitivity calculation. On the other hand,
only the even or odd k-space lines are used to reconstruct any
particular cine image.

69 ± 11). A total of 11 patients had myocardial infarction, and
11 had angina pectoris. All patients were referred for cardiac
CMR for clinical reasons, and informed consent to participate
in our study was obtained from each. Our institutional review
board approved this study.
CMR was performed on a 1.5T whole-body imager
(Symphony; Siemens, Erlangen, Germany) with multiple surface coils connected to phased-array receivers. Free-breathing
real-time cine CMR was acquired using a work-in-progress
cine CMR application with TSENSE. The patients were told to
breathe shallowly during the data acquisition (1). Two different
protocols, one with good temporal resolution (protocol A, temporal resolution ∼60 ms) and one with good spatial and worse
temporal resolution (protocol B, temporal resolution ∼90 ms)
were applied. Imaging parameters of protocol A were as follows: repetition time/echo time, 2.2/1.1 ms; flip angle, 55◦ ; acceleration factor, 3; matrix, 74 128; and field of view, 340 340.
Imaging parameters of protocol B were as follows: repetition
time/echo time, 2.6/1.3 ms; flip angle, 55◦ ; acceleration factor,
3; matrix, 86 192; and field of view, 340 340. Breath-hold cine
CMR (temporal resolution ∼60 ms) was acquired using a segmented true FISP (fast imaging with steady-state precession)
sequence (8-11). Imaging parameters were as follows: repetition time/echo time, 3.6/1.8 ms; flip angle, 60◦ ; 13 lines per segment; matrix, 208 256; and field of view, 340 340. To acquire
three-dimensional LV data in each of the cine CMR studies,
magnetic resonance (MR) images of 9–13 contiguous sections
with a thickness of 8-mm and an interslice gap of 2 mm were
obtained in the short-axis plane, covering the entire left ventricle
from the base to the apex (2). Imaging parameters of the three
cine CMR protocols are summarized in Table 1.
MR images were analyzed by an experienced observer without any other clinical information, but with the aid of commercially available software (Argus; Siemens). Image analysis was
followed by manual delineation of the LV border. As previously
described, papillary muscles were regarded as being part of the
LV cavity (2,12). Subsequently, end-diastolic volume (EDV) and
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TR (ms)
TE (ms)
Flip angle (◦ )
Lines per segments
Acceleration factor
Temporal Resolution
(ms)
Field of View (mm)
Acquisition Matrix
Spatial Resolution
Slice thickness (mm)
Interslice gap (mm)

2.2
1.1
55
n.a.
3
66.4

2.6
1.3
55
n.a.
3
92.8

3.6
1.8
60
13
n.a.
46.8

340 × 340
74 × 128
3.5 × 2.7
8
2

340 × 340
86 × 192
3.0 × 1.8
8
2

340 × 340
208 × 256
1.6 × 1.3
8
2

FISP = fast imaging with steady-state precession.

end-systolic volume (ESV), and LV mass were calculated on the
basis of the Simpson rule. LV mass was calculated as the product of the myocardium specific gravity (i.e., 1.05 g/cm3 ) and
the integrated LV myocardial area (2,12). Finally, the EF was
calculated from the EDV and ESV values (2,12). Additionally,
interobserver variability was tested by comparing measurements
obtained by two experienced observers.

Statistical Analysis
The functional values obtained from the two free-breathing
real-time cine CMR protocols were compared to those from the
breath-hold cine CMR, the reference standard. Systemic error
and the degree of agreement of various functional values based
on free-breathing and breath-hold cine CMR were assessed according to the method described by Bland and Altman (13). The
degree of agreement between the two methods was expressed as
the mean difference (bias), standard deviation of the differences,
limits of agreement (mean ± 2 standard deviation), standard error of the mean difference, and the 95% confidence interval of
the mean difference. A one-sample t test was used to determine whether the resulting difference from zero, as an under- or
overestimation with real-time cine CMR, was significant. In a
second analysis, linear regression was used to compare the functional values obtained from free-breathing real-time cine CMR
and from breath-hold cine CMR. A p value of less than .05 was
assumed to indicate statistical significance.

RESULTS
Result values are expressed as mean ± standard deviation.
Both real-time imaging techniques (protocols A and B)
yielded high-quality images, allowing the assessment of ventricular volume and mass (Fig. 2). The data acquisition time
for both real-time CMR protocols was significantly shorter than
that for the breath-hold cine CMR (8.2 ± 1.1 sec for protocol A,
9.1 ± 1.2 sec for protocol B, and 10.4 ± .3.1 min for cine CMR,
p < .001).
A summary of the data obtained with each of the three
cine CMR protocols is presented in Table 2. The results of the
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Figure 2. End-diastolic and end-systolic short-axis images in a patient with angina pectoris obtained by each cine CMR technique are presented.
(a) A typical end-diastolic short-axis image by true FISP cine CMR. (b) A corresponding end-systolic short-axis image by true FISP cine CMR. (c)
A typical end-diastolic short-axis image by real-time cine CMR with TSENSE with protocol A. (d) A corresponding end-systolic short-axis image
by real-time cine CMR with TSENSE with protocol A. (e) A typical end-diastolic short-axis image real-time cine CMR with TSENSE with protocol
B. (f) A corresponding end-systolic short-axis image by real-time cine CMR with TSENSE with protocol B. Both real-time imaging techniques
yielded good-quality images, allowing the assessment of ventricular volume and mass.

Table 2. Functional Values Obtained from Each Cine CMR Protocol
LVEF (%)

EDV (mL)

ESV (mL)

LV mass (g)

Real-time CMR 41.2 ± 17.0 164.0 ± 64.8 104.4 ± 66.0 137.5 ± 42.7
(Protocol A)
Range
11 ∼ 71
68 ∼ 336
27 ∼ 299
75 ∼ 263
p value
0.40
0.97
0.98
0.53
Real-time CMR 39.6 ± 16.7 164.0 ± 66.0 108.1 ± 69.0 139.0 ± 41.5
(Protocol B)
Range
8 ∼ 65
75 ∼ 327
27 ∼ 302
68 ∼ 274
p value
<.01
0.97
<.05
0.14
segmented true 42.0 ± 17.2 164.1 ± 65.7 104.4 ± 68.7 135.9 ± 42.5
FISP CMR
Range
10 ∼ 69
66 ∼ 343
20 ∼ 308
60 ∼ 268
EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic
volume, FISP = fast imaging with steady-state precession, LV = left
ventricular.

Bland-Altman analysis are shown in Table 3 and Fig. 3. The
Bland-Altman analysis revealed no significant degree of directional measurement bias when data obtained with protocol A
were compared with those of breath-hold cine CMR. No significant difference of the mean difference from 0 was found for
any parameter. On the other hand, significant overestimation of
ESV (p < .05) and underestimation of EF (p < .01) were observed with protocol B. Results of the linear regression analysis
are shown in Table 4. The various functional values obtained
with both real-time cine CMR protocols were closely correlated
with the values obtained from breath-hold cine CMR.
An interobserver variability of 8.9% for EF, 7.8% for EDV,
9.7% for ESV and 11.6% for LV mass was found with Protocol
A, and an interobserver variability of 6.9% for EF, 7.5% for EDV,
8.0% for ESV and 9.1% for LV mass was found with Protocol
B. On the other hand, an interobserver variability of 6.6% for
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Table 3. Results of the Bland-Altman Analysis

Real-time CMR (Protocol A)
Bias ± SD
Limits of agreement (2SD)
95% Confidence interval
SE of the mean difference
Regression line
p value
Real-time CMR (Protocol B)
Bias ± SD
Limits of agreement (2SD)
95% Confidence interval
SE of the mean difference
Regression line
p value

LVEF (%)

EDV (mL)

ESV (mL)

LV mass (g)

−0.8 ± 4.3
8.6
1.8
0.9
y = −0.01 × −0.3
0.40

−0.1 ± 11.2
22.3
4.7
2.4
y = −0.01 × +2.2
0.97

0.1 ± 8.6
17.2
3.6
1.8
y = −0.04 × +4.2
0.98

1.6 ± 11.5
23.0
4.8
2.5
y = 0.004 × +0.9
0.53

−2.4 ± 3.0
6.1
1.2
0.7
y = −0.03 × −1.2
<.01

−0.1 ± 12.2
24.3
5.1
2.6
y = 0.004 × −0.8
0.97

3.7 ± 7.9
15.9
3.3
1.7
y = − 0.006 × +3.1
<.05

3.0 ± 9.1
18.3
3.8
1.9
y = 0.02 × +6.4
0.14

For protocol A, no significant degree of directional measurement bias was observed in any of the comparisons of real-time cine CMR and
breath-hold true FISP cine CMR data. No significant difference of the mean difference from 0 was found for any parameter in protocol A. For protocol
B on the other hand, Bland-Altman analysis revealed significant overestimation of ESV (P < .05) and underestimation of EF (P < .01) when
compared with breath-hold true FISP cine CMR. EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume, FISP = fast imaging
with steady-state precession, LV = left ventricular.

EF, 7.2% for EDV, 8.2% for ESV and 8.9% for LV mass was
found with breath-hold cine CMR.

DISCUSSION
Our study showed that free-breathing real-time cine CMR
with the TSENSE technique is capable of providing accurate
global cardiac functional values. Our study also indicated that
temporal resolution was important for cardiac functional evaluation.
Temporal resolution is an important factor for accurate measurement of cardiac volumes (11,14). The absolute temporal
resolution of real-time CMR without TSENSE is approximately
180 msec, insufficient for the precise analysis of cardiac function (4). Therefore, echo-sharing techniques have been a necessity; namely, images were reconstructed from several in-

terleaved spiral trajectories in k-space after applying a sliding window method (4). As a result, effective temporal resolution, defined as the time interval between successive reconstructed temporal-phase images, was increased to 90 msec or
less (4,15,16). Lee et al. showed that measurements of resting
left-ventricular function via real-time CMR with an effective
temporal resolution of ∼90 msec were comparable to those derived from a series of separate breath-hold single-section true
FISP acquisitions (15). Controversially, Barkhausen et al. indicated that an effective temporal resolution of ∼75 msec lead to
overestimation of ESV and underestimation of EF when using
both techniques (14). Kaji et al. reported that evaluation of LV
volume and mass was feasible without breath-holding by applying real-time CMR with an effective temporal resolution of
∼60 msec (4). They also recommended better absolute temporal
resolution to further improve measurement fidelity (4). Recently,
a spatiotemporal filtering method, TSENSE, was introduced

Table 4. Results of the Linear Regression Analysis

Real-time CMR (Protocol A)
Correlation coefficient (r)
SEE
Regression line
Real-time CMR (Protocol B)
Correlation coefficient (r)
SEE
Regression line

LVEF (%)

EDV (mL)

ESV (mL)

LV mass (g)

0.97
4.4
y = 0.96 × +1.0

0.99
11.6
y = 0.97 × +4.5

0.99
8.4
y = 0.95 × +4.9

0.96
12.0
y = 0.97 × +5.9

0.98
3.1
y = 0.96 × −0.5

0.98
12.7
y = 0.99 × +2.1

0.99
8.3
y = 0.99 × +3.8

0.98
9.4
y = 0.95 × +9.4

The various functional data obtained from both real-time cine CMR protocols were closely correlated with those obtained from breath-hold cine CMR.
EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume, FISP = fast imaging with steady-state precession, LV = left
ventricular.
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Figure 3. The Results of the Bland-Altman Analysis. Bland and Altman analysis of (a) LVEF, (b) EDV, (c) ESV and (d) LV mass by real-time cine
CMR with TSENSE with protocol A and true FISP cine CMR or Bland and Altman analysis of (e) LVEF, (f) EDV, (g) ESV and (h) LV mass by
real-time cine CMR with TSENSE with protocol B and true FISP cine CMR. Bland-Altman analysis revealed significant overestimation of ESV
(P < .05) and underestimation of EF (P < .01) in free-breath real-time cine CMR with protocol B compared with breath-hold true FISP cine CMR.
On the other hand, no significant degree of directional measurement bias was observed in any of the comparisons of real-time cine CMR with
protocol A and breath-hold true FISP cine CMR data. No significant difference of the mean difference from 0 was found for any parameter in
protocol A. EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume, FISP = fast imaging with steady-state precession,
LV = left ventricular.
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to real-time cine CMR to achieve higher absolute temporal
resolution (7). Therefore, we compared various functional values obtained from real-time cine CMR (absolute temporal resolution of ∼60 msec and ∼90 msec) with those from true FISP
cine CMR.
In the current study, the various functional data obtained
via the real-time cine CMR protocol with better temporal resolution (∼60 msec) were closely correlated and agreed well
with those obtained from breath-hold cine CMR. On the other
hand, slight but significant overestimation of ESV and underestimation of EF were observed with the higher spatial-resolution
protocol (worse temporal resolution, ∼90 msec). Thus, for accurate cardiac functional evaluation, temporal resolution was
found to be more important than spatial resolution. In a previous study, Miller, et al. also suggested that ESV and EF
were affected mainly by changes in the temporal resolution
rather than the spatial resolution (11). In addition, Lee, et al.
suggested that their aforementioned study (temporal resolution
of ∼90 msec) was limited to the measurement of resting LV
function in a sample of patients with heart rates that ranged
from 55 to 90 bpm, and, at higher heart rates, the accuracy of
measurements (particularly ESV and consequently EF) would
diminish unless further improvements in temporal resolution
could be achieved (15). However, the sample size of our current study was small. In addition, the bias ± SD even in protocol B might be too slight to have clinical significance. Although a larger group of subjects would possibly increase statistical significance, such a difference might not necessarily imply
clinical significance.
On the other hand, the spatial resolution of real-time CMR,
less than that of conventional cine CMR, has been considered
a limitation (4,17). The real-time CMR protocol with ∼60 ms
temporal resolution had a spatial resolution of 3.5 × 2.7 mm2
versus 1.5 × 1.3 mm2 for the true FISP cine CMR protocol. In
general, the decrease in spatial resolution might decrease the
accuracy for the delineation of the end- and epicardial borders
of LV. However, considering the good agreement between functional measurements obtained with real-time and cine CMR, the
current spatial resolution of real-time CMR is acceptable for
quantitative analysis of global cardiac function. Also of note,
zero filling was applied in both real-time CMR protocols to make
better use of k-space information, and to reduce partial-volume
effects and edge-detection artifacts.
The comparison to another sequence is also an important issue. Compared to integrated parallel acquisition techniques (iPAT), TSENSE provides two potential advantages:
faster acquisition by deriving coil sensitivity maps from the
acquired data, rather than from additionally sampled central k-space lines; and a more robust coil sensitivity estimation by temporal filtering of the data and more available k-space information (18). When compared to echosharing, or temporal interpolation, TSENSE offers the advantage of reconstructing images with true temporal resolution.
The temporal resolution of the coil sensitivity map is lowered by averaging data across several frames, but the image data used for reconstruction is not shared or interpo806

lated. However, the comparison of various functional values obtained from TSENSE to those from another technique was not performed in the present study. Therefore,
the present studies did not directly indicate the superiority of TSENSE to another technique in cardiac functional
analysis.

CONCLUSION
Free-breathing real-time cine CMR with TSENSE was capable of providing accurate cardiac functional values when a protocol with sufficient absolute temporal resolution was applied.
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