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ABSTRACT

Purpose: To prospectively determine whether the use of an extracellular contrast agent could
improve the image quality of TGrE sequence for evaluation of left ventricular (LV) volumes
and function, using a 3.0 T cardiovascular magnetic resonance (CMR) system. Methods: Fif-
teen consecutive patients underwent CMR imaging at 3.0 T. In each patient, 3 long axis views
and multiple short axis slices with complete coverage of the left ventricle were performed us-
ing turbo gradient echo (TGrE) sequence before and after application of contrast agent 0.15
mmol/kg gadopentetate dimeglumine. LV volumes and ejection fractions were calculated us-
ing Simpson’s rule and Area-Length-Method. For comparison of native and postcontrast TGrE,
image quality, blood-to-myocardium contrast, and cardiac function parameters were assessed.
Results: Application of contrast agent improves the image quality and blood-to-myocardium
contrast in long-axis views. In short axis views, however, administration of contrast agent de-
crease the image quality and blood-to-myocardium contrast. After application of contrast agent
in long axis scans, end-diastolic and end-systolic volumes were significantly larger (4+ 12.9
mL [9%], p < 0.02; + 16.9 mL [17%], p < 0.004 respectively), and LV ejection fraction border-
line lower (—4.1% [7%], p = 0.08). In short axis scans, however, end-diastolic and end-systolic
volumes were significantly smaller (—14.8 mL [13%], p < 0.001; —17.6 mL [21%], p < 0.004 re-
spectively), and LV ejection fraction borderline higher (3% [6%], p = 0.052). Conclusion: The use
of an extracellular contrast agent improves the image quality for the assessment of LV volumes

at 3.0 Tesla for TGrE sequence in long axis but not in short axis views.

INTRODUCTION

Cardiac function parameters such as left ventricular (LV)
volumes and left ventricular ejection fraction (LVEF) are im-
portant prognostic factors in the diagnosis of patients suffering
from ischemic heart disease (1). The accurate determination of
functional parameters is crucial in deciding adequate therapeutic
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strategies. Cardiovascular magnetic resonance (CMR) allows for
multiplanar imaging with high intrinsic contrast and high tem-
poral and spatial resolution. In addition, it has been shown to be
highly accurate and reproducible (2), and, therefore, recognized
as the standard of reference for the assessment of LV volumes
and function (3).

At 1.5 T, the cine techniques based on balanced steady-state
free precession (SSFP) sequences are the current standard for
global functional analysis and regional wall motion. They gen-
erated an intrinsic high contrast between the myocardium and
the ventricular blood-pool leading to an accurate and robust de-
lineation of endo- and epicardial borders (4, 5). Turbo gradient
echo (TGrE) cine, although equally accurate as the SSFP se-
quence (6), has lost its attraction for cardiac cine imaging. The
disadvantage of TGrE cine is the lower contrast between blood-
pool and myocardium. Especially in the long axis planes and in
patients with impaired LV function, the image quality is limited
by reduced signal intensity due to saturation of blood flowing
predominantly in plane, which may hinder LV endocardial bor-
der delineation and, therefore, functional assessment (4).

845



3.0 Tesla imaging systems are increasingly used in cardiac
imaging (7, 8). There are, however, technical challenges for
CMR imaging at 3 Tesla, particularly in relation to SSFP meth-
ods, due to their high sensitivity to off-resonance artefacts (7). In
addition, TGrE sequences suffer in long axis from low contrast
between blood-pool and myocardium due to inflow of saturated
blood (7). These factors combined may make the assessment of
LV function and volumes less accurate at 3.0 Tesla, both with
TGrE and SSFP sequences. The use of contrast agents may pro-
vide an alternative approach for cardiac imaging independent of
SSFP. If the T1 of the blood is short, then TGrE cine imaging
with a very short repetition time becomes practical, with perfor-
mance characteristics similar to those of SSFP. This may allow
for the use of TGrE for wall motion imaging on 3.0 Tesla.

The use of extracellular contrast agents in combination with
TGrE imaging was predominantly performed at 1.5 T, yielding
improved contrast between blood and myocardium and, there-
fore, improved accuracy and reproducibility for evaluating LV
volume and LVEF (9, 11). Therefore, the aim of our study was to
evaluate the feasibility of cardiac cine MR imaging using native
and postcontrast TGrE scans at 3.0 T, based on the compari-
son of image quality, blood-to-myocardium-contrast and global
cardiac function parameters.

METHODS
Study population

Fifteen consecutive patients (range, 36—69 years, mean age
58 £ 9 years, 9 men, 6 women) with suspected (7 patients) or
known coronary artery disease (8 patients) were enrolled into
the study. Patients were excluded, if they had contraindications
for CMR examinations such as noncompatible implants, claus-
trophobia, or arrhythmia such as atrial fibrillation or flutter. The
study was conducted according the standards of the Charité in-
stitutional review board, and written informed consent was ob-
tained by all patients.

Magnetic resonance imaging

CMR imaging was performed with the patient in the supine
position by using a 3.0 Tesla whole body CMR scanner (Achieva
3.0 Tesla; Philips, Best, the Netherlands), equipped with a
Quasar Dual gradient system (80 mT/m, 200 T/m/s slew rate). A
six-element cardiac synergy coil was used for signal reception.
All images were acquired in expiratory breath-holds. Cardiac
synchronization was performed with vector electrocardiogra-
phy and scans were triggered on the R-wave of the ECG (12).
A rapid gradient echosequence (Multistack, multisclice survey,
TGrE, TR/TE/flip angle = 3.6 ms/1.7 ms/20°) allowed for lo-
calization of the heart in the three standard planes (transversal,
coronal, and sagittal).

Standard TGrE imaging

The following standardized protocol was applied: rapid mul-
tislice survey; single-angulated, single-slice cine acquisition of

the LV; double angulated, single-section cine acquisition of the
LV planned perpendicular to the previous view; contiguous short
axis views covering the whole LV; 3 long axis views of the LV
(two- three and four-chamber) planned on the short-axis orienta-
tion; application of 0.15 mmol gadobenate dimeglumine (Multi-
Hance ALTANA, Bracco, Milan) pro kilogram of body weight;
contiguous short axis views covering the whole LV with slice po-
sitions identical to the precontrast short axis images; and 3 long
axis views of the LV (two- three and four-chamber) planned
on theshort-axis orientation with slice positions identical to the
precontrast long axis images. The time period for planning and
acquisition of the precontrast short axis views was 656 + 77 s.

Parameters of the native and postcontrast cine TGrE se-
quences were as follows: TR/TE/ flip angle = 4 ms/2.5 ms/15°;
30 phases/cardiac cycle; in plane spatial resolution =2 x 2 mm
with a slice thickness of 8 mm.

Image analysis
Visual assessment

Image quality of each standard view (long and short axis)
was graded on a four-point scale. The visual score refers to the
visibility of the endocardial border (score 1: poor or nondiag-
nostic; 2: moderately or partly visible; score 3: well visible; and
4: excellently visible).

Signal intensity measurements

For native and postcontrast TGrE cine imaging, mean signal
intensity (SI) of the myocardium and blood-pool was measured
at end-diastole in long and short axis views. For long axis im-
ages, the region of interest (ROI) was placed in the mid septal
myocardium of a four chamber view in end-diastole and the
mean SI was determined. The SI of the blood was defined as
the mean signal from a circular ROI drawn in the center of the
left ventricle at end-diastole sparing the papillary muscles. For
short axis images the corresponding equatorial slice was used
to define the SI of the myocardium and blood in the same way
as for the four chamber view. The contrast between blood and
myocardium was calculated as: Contrast = SI piooa/ SI Myocardium.

LV parameters

The data was transmitted to an offline image
processingstation (ViewForum Release 4, Philips Medical
System) for analysis of both native and postcontrast TGrE
cine imaging. For volume measurements, endocardial borders
were traced manually at end-diastole and end-systole in the
short axis projection (Fig. 1) with papillary muscles excluded
from the analysis; the most basal section of the left ventricle
was defined for end-diastole and end-systole as the slice at
which at least 50% of the LV myocardial circumference was
visible. The volumes were calculated as the sum of the areas of
the LV cavity multiplied by slice thickness. LV end-diastolic
volume (LVEDV) and LV end-systolic volume (LVESV) were
assessed by applying Simpson’s rule and LVSV and LVEF was
calculated.
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TGrE with CA TGrE without CA

Figure 1. Representative example of endocardial contour delineation in short axis. Identical short-axis geometry acquired with precontrast (upper
row) and postcontrast (bottom row) cine imaging is given. LV endocardial contours were traced manually at end-diastole (left) and end-systole
(right) to calculate LV volumes and LVEF according to Simpson’s rule.

TGrE without CA  TGrE with CA

Figure 2. Representative example of endocardial contour delineation in long axis. Identical four chamber view geometry acquired with postcon-
trast (upper row) and pretcontrast (bottom row) cine imaging is given. LV endocardial contours were traced manually at end-diastole (left) and
end-systole (right) to calculate LV volumes and LV ejection fraction according to Area-Length Method. The image quality and endocardial contour
delineation suffers from saturation effects before contrast agent administration.

TGrE Approach After Application of Contrast Agentat3 T 847
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Figure 3. Visual score for endocardial border delineation for long axis in pre- and postcontrast TGrE cine imaging. Contrast agent application
significantly improved the image quality for TGrE cine imaging in long axis. Score 1: poor or nondiagnostic; 2: moderately or partly visible; 3: well

visible; 4: excellently visible. There was no image with visual score 1 on native and postcontrast TGrE cine imaging.

In addition, LV volumes were obtained in the long-axis pro-
jections. Using the four chamber view, LV endocardial bor-
ders were traced at end-diastole and end-systole and the papil-
lary muscles were excluded from the analysis. LV end-diastolic
and end-systolic cross sectional area and the ventricular length,
measured from the mitral valve annlus to the endocardial bor-
der of the apex, were measured (Fig. 2). LVEDV and LVESV
were assessed according to area-length method (LV volume
= 0.85 x LV-area?/ LV-length) and LVSV and LVEF were
calculated.

Statistical analysis

Statistical analysis was performed by using a statistical soft-
ware package (SPSS, Chicago, Illinois, USA). For all continu-
ous parameters, data is given as mean = standard deviation. All
tests were two-tailed, and a p < 0.05 was considered to indicate
a statistical significant difference. The paired Student t test was
used to assess statistical significance of continuous variables.
Wilcoxon Signed ranks test was used to evaluate the statisti-
cal significant between the visual score of pre- and postcontrast
TGrE. Bland-Altman analysis was performed to compare the

two imaging techniques with regard to LV volumes and ejection
fraction, the degree of agreement between these two methods
were determined as mean absolute difference, 95% confidence
intervals of the mean difference, and mean relative difference
(the mean of the two modalities divided by their mean value)
(13).

RESULTS

Visual score

All examination on both native and postcontrast TGrE cine
imaging yielded diagnostic image quality (i.e., visual score >
2). Application of contrast agent significantly improved the im-
age quality for TGrE cine imaging in long axis (p < 0.002)
(Fig. 3). In short axis views, however, administration of con-
trast agent significantly decreased the image quality (p < 0.002)
(Fig. 4). The endocardial contours delineation differed most
around papillary muscles and trabeculations at end-diastolic and
end-systolic imaging. In long axis views, application of con-
trast improves endocardial border delineation (Figs. 2 and 5). In
short axis views, however, delineation of endocardial contours
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Figure 4. Visual score for endocardial border delineation for short axis in pre- and postcontrast TGrE cine imaging. Contrast agent administration

significantly decreased the image quality. Score 1: poor or nondiagnostic; 2: moderately or partly visible; 3: well visible; 4: excellently visible.
There was no image with visual score 1 on native and postcontrast TGrE cine imaging.
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GrE with CA TGrE without CA

T

suffers from saturation effects before contrast agent application.

Figure 5. Long axis views of the left ventricle with native (upper row) and postcontrast (bottom row) TGrE cine imaging. Three chamber view
(left) and two chamber view (right) at end-diastolic (right) and end-systolic (left) frames. The image quality and endocardial contour delineation

was easier in native images compared to postcontrast images
(Figs. 1 and 6).

Signal intensity

Blood-to-myocardium-contrast (BMC) for native and post-
contrast TGrE cine imaging in long and short axis views is shown
in Table 1. After application of contrast agent, the SI measure-
ments showed an increase in the BMC of 38% from 1.58 to 2.18
in the long axis views. In the short axis views; however, the BMC
decreased by 50% from 3.4 to 1.7.

LV parameters

Table 2 shows the differences between native and postcon-
trast TGrE measurements for LV cardiac parameters in long
and short axis views. After application of contrast agent in long
axis scans, end-diastolic and end-systolic volumes were signifi-
cantly larger (4 12.9 mL [9%],p < 0.02; + 16.9mL [17%],p <
0.004, respectively) and LVEF borderline lower (—4.1% [7%],
p = 0.08). In short axis scans, however, end-diastolic and end-
systolic volumes were significantly smaller (—14.8 mL [13%],
p <0.001; —17.6 mL [21%], p < 0.004, respectively) and LVEF
borderline higher (3% [6%], p = 0.052) (Table 2, Fig. 7).

Precontrast TGrE scans in short axis views, which have the
highest visual score and BMC, showed agreement with post-

contrast but not with native TGrE in long axis view (Table 3,
Fig. 8).

DISCUSSION

With the use of an extracellular contrast agent, it was possible
to achieve higher image quality with less blood flow dependence
and greater blood-to-myocardium contrast at the endocardial
border in long axis scans. The results of contrast agent applica-
tion using the same sequence reflect an opposite change of image
quality and blood-to-myocardium contrast for short axis scans at
3.0 T. Contrast agent application might, therefore, have quanti-
tative advantages in long axis views. Our data demonstrate, after
application of contrast agent, LV end-diastolic and end-systolic
volumes were larger in long axis and smaller in short axis.

In the current study, both the image quality and blood-to-
myocardium contrast in postcontrast long axis and precontrast
short axis were higher compared with that of precontrast long
axis and postcontrast short axis images. Because Simpson’s
method is the reference standard for assessment of LV vol-
umes (3), we used precontrast short axis images as the refer-
ence method in this study. No differences in measured parame-
ters using precontrast short axis and postcontrast long axis were
found (Table 3A, Fig. 8). In contrast, the differences between
LV parameters using precontrast short axis and precontrast long

TGrE Approach After Application of Contrast Agentat3 T 849
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ED ES ED ES

Figure 6. Short axis views of the left ventricle (from apex to base)
at end-diastolic (ED) and end-systolic (ES) frames acquired using
native (left two columns) and postcontrast (right two columns) TGrE
scans. Better endocardial contour delineation using the precontrast
TGrE scans compared with postcontrast scans.

axis were significant (Table 3B, Fig. 8). Therefore, postcontrast
TGrE scans in long axis and native TGrE scans in short axis
resulted in a similar and reproducible LV volumes and ejection
fractions.

From the data presented here, volumetric differences arise for
different endocardial contour drawing. The endocardial contour
was drawn larger in postcontrast long axis views, the surface
slow-flow boundary layer around papillary muscles and trabec-
ulations on precontrast long axis images can make papillary
muscles appear larger and confluent with myocardium and can
make blood between trabeculations appear as myocardium. An
equivalent effect can be found if LV mass is assessed in sys-
tole, when trabeculae are more confluent (14). The importance

Table 1. Blood-To-Myocardium-Contrast for post- and precontrast
TGrE scans in long and short axis view

Postcontrast TGrE Precontrast TGrE P value
Long axis 2.18 £ 0.3 1.58 +£ 0.2 <0.001
Short axis 1.7+ 01 3.4+0.9 <0.001

Table 2. Cardiac function parameters acquired using post- and
precontrast TGrE scans in long axis views (Area-Length-Method) and
short axis views (Simpson’s rule)

Postcontrast Precontrast Absolute Percentage P-

TGrE TGrE Difference Difference value
Long axis
LVEDV (ml) 170 + 66 158 + 71 129ml 9 0.02
LVESV (ml) 85+ 53 68 + 36 16.9ml 17 0.004
LVEF (%) 53+ 12 57+8 —4.1 -7 0.08
Short axis
LVEDV (ml) 153 + 74 168+ 76 —14.8ml —-13 0.001
LVESV (ml) 70+426 86+55 —176ml -21 0.004
LVEF (%) 56 +7.2 51 + 11 3% 6 0.052

of trabeculae and papillary muscles for LV parameters has been
previously commented on (15). In addition the low blood-to-
myocardium contrast on native long axis, images makes the
delineation between blood and myocardium difficult. In na-
tive short axis views, the blood-to-myocardium contrast was
higher and, therefore, the endocardial border delineation was
more accurate compared with that using postcontrast short axis
images.

CMR in native short axis yields images with high contrast
between blood-pool and myocardium because of the dominant
through-plane blood flow, which resulted, in improved image
quality and blood-to-myocardium contrast of native short axis
images in comparison to postcontrast short axis images. Prob-
lems occur, however, with long axis images because of satura-
tion of blood, which flows predominantly in plane and is sub-
ject to repeated excitations. This saturation effect is even more
pronounced at 3 Tesla versus 1.5 Tesla due to the longer T1
values. Therefore, application of T1 shortening contrast agent
significantly improved image quality and blood-to-myocardium
contrast of long axis images.

Currently, initial reports suggest the feasibility of delayed
enhanced CMR and first-pass myocardial perfusion imaging at
3.0 T (10, 16). In addition, it has been shown that functional
cardiac cine CMR imaging may be regarded as equally accurate
at 3.0 T compared with 1.5 T (7). However, the question arises
which approach is the most gainful to take advantage from the
introduction of high-field CMR imaging. Unlike TGrE, SSFP is
relatively insensitive to flow but shows a higher sensitivity to off
resonance artefacts. In one study comparing SSFP with TGrE
at 3.0 T, 85% of all SSFP examinations at high field strengths
exhibited severe off-resonance artifacts and the signal to noise
ratio gain was higher for TGrE (7). Therefore, TGrE sequence
seems to be much more convenient for 3.0 T.

LIMITATION

An unresolved question of the study is which measure-
ment technique is more accurate. The image quality and higher
blood-to-myocardium contrast of postcontrast TGrE in long axis
and native TGrE scans in short axis leads to the assumption
that endocardial border delineation and therefore LV volumes

850 A. Hamdan et al.
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Figure 7. Blad-Altman plots of left ventricular parameters in short (left column) and long (right column) axis views demonstrating: disagreement
between native and postcontrast TGrE scan for LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) and agreement between
both methods for assessment of LV ejection fraction (LVEF). For native and postcontrast cine imaging, the differences (within mean + 1.96
standard deviations) for LVEDV and LVESV were clinically relevant. In contrast, the differences for LVEF were not clinically relevant. In each plot,
the central line indicates the mean absolute difference, and upper and lower lines represent 95% Cls. TGrE* indicates TGrE after application of

contrast agent.
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Figure 8. Bland-Altman plots illustrating agreement between postcontrast TGrE scans in long axis and native TGrE scans in short axis for
LVEDV, LVESYV, and LVEF (left column) and clinically relevant differences between precontrast TGrE scans in long axis and native TGrE scans
in short axis for LVEDV and LVESYV, the differences for LVEF were clinically not significant (right column). According the visual score and Blood-
To-Myocardium-Contrast, native TGrE cine imaging in short axis (Simpson’s method) is the reference standard for assessment of LV volumes
and ejection fraction. TGrE* indicates TGrE after application of contrast agent.
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Table 3. Cardiac function parameters acquired using precontrast TGrE
scans in short axis views in comparison with postcontrast TGrE scans
in long axis views (A) and precontrast TGrE scans in long axis views (B)

A

Precontrast Postcontrast

TGrE TGrE Absolute Percentage P-

(short axis)  (long axis) Difference Difference  value
LVEDV 168 + 76 170 + 66 —-3.8ml -3.5 0.4
LVESV 86 + 55 85 + 53 —2.4 ml —2.4 0.9
LVEF 51 + 11 53 + 12 —0.6 % —-1.4 0.7
B

(short axis) (long axis) Difference Difference value
LVEDV 168 + 76 158 + 71 12.9 ml 6.6 0.02
LVESV 86 + 55 68 + 36 16.8 ml 14.9 0.02
LVEF 51 + 11 57+8 0.9% 1.4 0.06

measurements is more accurate using precontrast short axis and
postcontrast long axis cine imaging.

Phantom studies could be used to calibrate our measurements
techniques; however, pre- and postcontrastdifferences in long
axis imaging are likely to be flow related, which occur at com-
plex blood-myocardium interfaces. Differentiating these com-
plex issues would sophisticate phantoms and substantial extrap-
olation to the in vivo situation. Another possibility may be to
calibrate our measurements against explanted human hearts, but
in practice these studies are difficult to perform, the time between
imaging and transplantation unpredictable and often long, and
it cannot be assumed that the heart remains the same during
this interval. Thus, the ventricular volumes are unlikely to be
calibrated to the accuracy required.

CONCLUSION

The application of extracellular contrast agent improved im-
age quality and blood-to-myocardium contrast in long axis
views, leading to a better endocardial border delineation and,
therefore, to a larger LV volumes as compared with native long
axis cine imaging. In contrast, application of contrast agent de-
creased both image quality and blood-to- myocardium contrast
of short axis cine. Therefore at 3.0 T, we suggest the following
rapid “one-stop shop” integrated CMR imaging protocol: short
axis cine imaging before contrast agent administration and long
axis cine imaging after application of MultiHance for first pass
perfusion imaging. Finally, late enhancement imaging can be
performed after a waiting period of 5—10 minutes after the ap-
plication of contrast agent.
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