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The purpose of this study was to determine the ability of 7 T
cardiac magnetic resonance imaging (MRI) to quantitatively
assess left ventricular volumes, mass, and function from cine
short-axis series and left ventricular diastolic filling from ve-
locity-encoded MRI in 10 healthy volunteers. As comparative
‘‘gold standard,’’ the corresponding measures obtained at 1.5
T were taken. Left ventricular volumes, function, and mass
were obtained by manual image segmentation. Trans-mitral
flow graphs were obtained from 2D one-directional through-
plane velocity-encoded MRI planned at the mitral valve in
end-systole. Imaging at 7 T MRI was successful in 80% of the
examinations. Assessment of left ventricular volumes, func-
tion, and mass at 7 T showed good agreement with 1.5 T (no
significant differences between variables describing volumes,
function, and mass with intraclass correlation coefficients
ranging from 0.77 to 0.96). Trans-mitral stroke volume and the
ratio between early and atrial peak filling rate showed strong
agreement at both field strengths (no significant differences
between stroke volumes and filling ratios with intraclass cor-
relation coefficients 0.92 for stroke volumes and 0.77 for peak
filling ratios). In conclusion, this study shows that assessing
left ventricular volumes, function, and flow is feasible at 7 T
MRI and that standardized MRI protocols provide similar
quantitative results when compared with 1.5 T MRI. Magn
Reson Med 64:1472–1478, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

High-field in vivo visualization of the human heart (1,2)
and coronary arteries (3) has recently been shown using
human whole-body 7 T MRI systems. There are many
potential challenges from the increased field strength,
including decreased T2*-times, increased B0 inhomogene-
ities, nonuniform sample-induced B1-distributions, and
significantly increased radiofrequency (RF) deposition.
Specific to cardiac imaging, both the conservative con-
straints regarding the specific absorption rate (SAR) and
the increased B0 inhomogeneities have so far prevented
the use of steady-state free-precession (SSFP) sequences,
which are much more efficient than simple gradient-echo
alternatives. In addition, the increased magneto-hydrody-
namic disturbance of the electrocardiographic (ECG)-
signal presents considerable challenges for efficient data

acquisition (4). Finally, there is limited availability of
optimized RF hardware in terms of a body transmit coil.

Feasibility for cardiac MRI at a human whole-body 7 T
MRI system was demonstrated by Snyder et al. (1). Using
an eight-channel transmit/receive array coil and local B1

shimming, they were able to obtain breath-hold anatomi-
cal and functional short-axis and four-chamber vector
ECG-gated cine segmented gradient-echo series in volun-
teers. Similar results have been reported by other groups
(5,6). However, despite the impressive image quality, no
quantitative information was obtained, nor was compari-
son with SSFP performed in a head-to-head comparison
with cardiac MRI at 1.5 T which is the accepted refer-
ence standard in cardiac MRI. Furthermore, diastolic left
ventricular (LV) filling using velocity-encoded (VE) MRI
has not previously been studied at 7 T MRI. Therefore,
the purpose of the current study was to quantitatively
compare assessment of LV volumes, mass and systolic
function, and image quality from multislice short-axis
cine MRI as well as LV diastolic filling from VE MRI in
10 healthy volunteers in a comparison between 7 T MRI
and 1.5 T MRI.

MATERIALS AND METHODS

Both 1.5 T MRI and 7 T MRI protocols were approved by
the local medical ethics committee and all volunteers
gave written informed consent. Ten healthy volunteers
(mean age 28 6 9 years, seven male) without any history
of cardiovascular disease were recruited. Subjects under-
went MRI examinations on the 1.5 T MRI and 7 T MRI
systems on the same day.

7 T MRI

A commercial human whole-body 7 T MRI system (Phi-
lips Achieva, Philips Medical Systems, Best, The Nether-
lands) equipped with a vector-ECG-gating setup (7) and a
custom-built 13-cm-diameter quadrature double-loop RF
transmit/receive surface coil operating at 298.1 MHz was
used. RF pulses were calibrated using the manufacturer
provided method that uses the ratio between a spin echo
and a stimulated echo to calculate the flip angle (8,9).
The inhomogeneous excitation pattern of the RF coil
results in a much reduced flip angle in the myocardium
compared with regions closer to the coil. The flip angles
used for the experiments in this study were empirically
optimized to give optimal contrast or signal. The setup
has been described in detail previously (3). All subjects
were positioned head first in the scanner in a supine posi-
tion with the position of the heart at the magnet iso-cen-
ter. A 1-cm gap was introduced between the RF coil and
the anterior chest wall of the subject using a foam rubber
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spacer to reduce patient-induced losses (10). Triggering
off the R-wave of the vector-ECG recording was feasible
despite the significantly amplified and broadened signal
of the T-wave due to the magneto-hydrodynamic effect.

First, nontriggered multistack multitwo-dimensional
(2D) segmented gradient-echo series in coronal, sagittal,
and axial orientations were obtained during free breath-
ing to produce a complete survey of the thorax. Next,
based on the survey images, LV and right ventricular
(RV) two-chamber and four-chamber RF spoiled seg-
mented k-space gradient echo sequences were obtained
using retrospective gating within single 12–15 sec
breath-holds: echo time (TE) 2.2 msec, repetition time
(TR) 4 msec, flip angle (a) 15�, slice thickness 8 mm,
field-of-view (FOV) 380 � 247 mm2, scan matrix 292 �
269 retrospectively reconstructed in 33 phases for one
cardiac cycle with 432 � 432 image resolution, and
reconstructed pixel size 0.88 � 0.88 mm2, number of sig-
nal averages (NSAs) 1. The multislice multiphase cine
gradient-echo short-axis series were obtained with one
slice per breath-hold: TE 1.7 msec, TR 4 msec, a 15�,
slice thickness 10 mm, 10–12 consecutive slices without
gap, FOV 380 � 247 mm2 scan matrix 292 � 273, retro-
spectively reconstructed in 33 phases for one cardiac
cycle with 432 � 432 image resolution and pixel size
0.88 � 0.88 mm2, NSA 1. Trans-mitral flow was obtained
from 2D one-directional through-plane VE MRI with ve-
locity sensitivity of 150 cm/sec: TE 2.6 msec, TR 4.6
msec, a 20�, slice thickness 8 mm, FOV 350 � 228 mm2,
scan matrix 128 � 73, retrospectively reconstructed in 40
phases for one cycle with 240 � 240 image resolution
and a reconstructed pixel size 1.5 � 1.5 mm2, and an
acquired pixel size of 2.73 � 3.12 mm2, NSA 2, posi-
tioned at the location of the mitral valve at the end-sys-
tolic moment in both LV two-chamber and four-chamber
views, and perpendicular to the inflow direction.

1.5 T MRI

A commercial human whole-body 1.5 T MRI system (ACS-
NT15 Intera, Philips Medical Systems, Best, The Nether-
lands; software release 12, Pulsar gradient system with
amplitude 33 mT/m and 100 mT/(m msec) slew rate, 0.33
msec rise time) with vector-ECG gating, body transmit,
and a five-element cardiac receive coil was used for com-
parison studies. A similar imaging protocol as at 7 T MRI
was followed. Also for these studies, first a nontriggered
multistack multi-2D segmented gradient-echo coronal,
sagittal, and axial survey of thorax was obtained. LV and
RV two-chamber and four-chamber segmented cine SSFP
gradient-echo series with retrospective gating were
obtained within single 8–10 sec breath-holds: TE 1.5
msec, TR 3 msec, a 50�, slice thickness 10 mm, FOV 400 �
320 mm2, scan matrix 208 � 161, retrospectively recon-
structed in 30 phases for one cardiac cycle with 256 � 256
image resolution and pixel size 1.6 � 1.6 mm2, NSA 1. The
multislice multiphase cine SSFP gradient-echo short-axis
series were obtained with one slice per breath-hold, with-
out the use of parallel imaging: TE 1.7 msec, TR 3.5 msec,
a 35�, slice thickness 10 mm, 10–12 consecutive slices
without gap, FOV 450 � 360 mm2, scan matrix 256 � 193,
retrospectively reconstructed in 40 phases for one cardiac

cycle with 256 � 256 image resolution and pixel size 1.8 �
1.8 mm2, NSA 1. Two-dimensional one-directional
through-plane VE MRI with velocity sensitivity of 150 cm/
sec was performed for trans-mitral flow assessment: TE
5.8 msec, TR 9 msec, a 20�, slice thickness 8 mm, FOV 350
� 280 mm2, scan matrix 128 � 102, retrospectively recon-
structed in 40 phases for one cycle with 256 � 256 image
resolution and a reconstructed of pixel size 1.4 � 1.4 mm2,
acquired pixel size 2.73 � 2.74 mm2, NSA 2.

Image Processing

LV volumes, function, and mass were obtained by man-
ual image segmentation using the in-house developed
analytical software program MASS (Leiden University
Medical Center, Leiden, The Netherlands) (11). LV vol-
ume assessment by short-axis planimetry has been exten-
sively validated and widely applied in clinical research
(12). Phases of end-diastole (ED) and end-systole (ES)
were visually determined in the mid-ventricular slice.
LV endocardial and epicardial contours were manually
segmented in ED and ES. Papillary muscles were consid-
ered to be part of the LV cavity. Left ventricular end-dia-
stolic volume and left ventricular end-systolic volume
were obtained by endocardial area assessment and sum-
mation of discs, stroke volume was obtained by subtrac-
tion of left ventricular end-diastolic volume-left ventricu-
lar end-systolic volume, LV ejection fraction was
calculated by the ratio between stroke volume and left
ventricular end-diastolic volume, and finally LVED mass
(LVEDM) was determined by subtraction of endocardial
segmented volume from epicardial segmented volume
multiplied by the myocardial mass density (1.05 g/mL).

Trans-mitral flow graphs were obtained by manual
contour segmentation performed using the in-house
developed software program FLOW (Leiden University
Medical Center, Leiden, The Netherlands) (13). Back-
ground correction was performed (mandatory for both
correction for local phase offset errors (14) as well as cor-
rection for through-plane motion as suggested by Kayser
et al. (15)) from the velocity of the myocardium in the
lateral wall near the mitral inflow region. Trans-mitral
stroke volume as well as early peak filling rate, atrial
peak filling rate, and E/A-ratio were determined from the
trans-mitral flow graphs.

In both 7 T MRI and 1.5 T MRI-acquired cine short-
axis data sets, signal-to-noise ratio (SNR) and contrast-to-
noise ratio were determined in the ED-phase in a mid-
ventricular slice. SNR was calculated in the interventric-
ular septum, in LV lateral wall, and in the LV blood
pool, by obtaining the average signal measured in circu-
lar sampling regions-of-interests (ROIs) of 1 cm2 posi-
tioned in the middle of the interventricular septum, in
the middle of the LV lateral wall, and in the center of
the LV blood pool, respectively, and the standard devia-
tion of the noise, obtained from a similar 1 cm2 regions-
of-interest positioned in an artifact-free area well outside
the body. Also, the contrast-to-noise ratio between LV
blood pool and interventricular septum (¼ SNR blood
pool – SNR septum) and between LV blood pool and LV
lateral wall (¼ SNR blood pool – SNR lateral wall) was
determined.
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A single observer with 3 years of experience in cardiac
MR imaging performed all image analysis (A.B.), under
supervision of a senior researcher with 15 years of expe-
rience in cardiac MR imaging (J.J.M.W.). Image analysis
of 7 T MRI data was performed blinded with respect to
the results obtained at 1.5 T MRI.

Statistical Analysis

Continuous variables are expressed as mean 6 standard
deviation. Correlation between results obtained at 7 T
MRI and 1.5 T MRI were tested with intraclass correla-
tion for absolute agreement. Mean differences between
measurements were determined and their statistical sig-
nificance was tested using paired t-tests. A P-value <
0.05 was considered statistically significant. Also, 95%
confidence intervals as well as coefficients of variance
(defined as the standard deviation of the differences
between the two series of measurements divided by the
mean of both measurements) were determined. The
approach described by Bland and Altman (16) was fol-
lowed to study systematic differences.

RESULTS

Imaging at 7 T MRI was successful in 8 of 10 volun-
teers (80%). Image quality was inadequate in two 7 T
MRI studies due to ECG-triggering problems: these
studies were excluded from further analysis. All vol-
unteers tolerated both MRI examinations very well and
breath-holding was equally successful. Volunteers did
not report specific sensations during either examina-
tion. In Fig. 1, a representative example of the eight
remaining studies is presented, showing both 7 T MRI
(A) and corresponding 1.5 T MRI (B) mid-ventricular
ED short-axis images. As expected, the spatial distri-
bution of signal intensity is more homogeneous for the
1.5 T MR image due to the difference in coil
arrangements.

LV Volumes, Function, and Mass

Table 1 shows LV volumes, function, and mass for 7 T
MRI and 1.5 T. There were no statistically significant

FIG. 1. Example of a mid-ventricular end-diastolic short-axis image of the same volunteer at 7 T using an RF-spoiled gradient echo

sequence (a) and at 1.5 T using a balanced steady state gradient echo sequence (b). Region-of-interests (ROIs) indicate the locations
for signal analysis: in the interventricular septum, in the left ventricular lateral wall, and in the center of the left ventricular blood pool.
Noise is measured in an artifact-free ROI in the air well outside the thorax.

Table 1
Comparison of Quantitative Results 7 T MRI Versus 1.5 T MRI

7 T MRI,
mean 6 SD

1.5 T MRI,
mean 6 SD

mean
difference 6 SD P-value

ICC
(P-value) 95% CI COV

LVEDV 148 6 18 mL 156 6 31 mL �8 6 21 mL 0.30 0.78 (0.03) �23–8 mL 14%
LVESV 67 6 11 mL 73 6 20 mL �6 6 13 mL 0.20 0.77 (0.03) �16–3 mL 19%

LV SV 81 6 12 mL 83 6 16 mL �2 6 12 mL 0.64 0.82 (0.03) �10–6 mL 14%
LV EF 55 6 5% 53 6 7% 1 6 4% 0.39 0.84 (0.02) �2–4% 8%

LVEDM 111 6 18 g 112 6 21 g �1 6 8 g 0.66 0.96 (<0.001) �7–4 g 7%
MV SV 107 6 27 mL 107 6 18 mL 0 6 13 mL 0.51 0.92 (0.003) �9–9 mL 13%
MV EPFR 579 6 101 mL/sec2 661 6 115 ml/sec2 �82 6 150 mL/sec2 0.17 0.06 (0.46) �186–23 mL/sec2 24%

MV APFR 268 6 57 mL/sec2 303 6 62 mL/s2 �35 6 29 mL/sec2 0.18 0.52 (0.15) �80–11 mL/sec2 23%
MV E/A 2.2 6 0.4 2.3 6 0.5 �0.1 6 0.4 0.51 0.77 (0.04) �0.4–0.2 19%

Abbreviations: SD, standard deviation; ICC, intraclass correlation coefficient; CI, confidence interval; COV, coefficient of variation;
LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LV SV, left ventricular stroke volume; LV EF, left

ventricular ejection fraction; LVEDM, left ventricular end-diastolic mass; MV SV, trans-mitral stroke volume; MV EPFR, trans-mitral early
peak filling rate; MV APFR, trans-mitral atrial peak filling rate; MV E/A, ratio between trans-mitral EPFR and APFR.
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differences in LV volumes, function, or mass obtained

from short-axis data acquired at 7 T MRI and 1.5 T MRI.

The variables assessed from short-axis scans at 7 T MRI

agreed well with variables assessed at 1.5 T MRI (intra-

class correlation coefficients between 0.77 and 0.92). The

variation in left ventricular end-systolic volume was

highest (19%), whereas left ventricular end-diastolic vol-

ume and LV stroke volume showed 14% variation and

ejection fraction and mass only 8% and 7%. The Bland-

Altman-plots are presented in Fig. 2. No obvious trends

in bias were present.

Trans-Mitral Flow

Also in Table 1, results for comparison of trans-mitral
stroke volume, early and atrial peak filling rate, and E/A-
ratio are presented. No statistically significant difference
between stroke volumes assessed with 7 T MRI and 1.5
T MRI was found, the correlation was strong, and the
coefficient of variation was 13%. Assessment of early
peak filling rate and atrial peak filling rate from the
trans-mitral flow graphs showed more variation (up to
24%) between the two field strengths, correlation was
moderate to poor, although differences were not

FIG. 2. Bland Altman-plots for LV volumes, function, and mass from short-axis assessment at 7 T MRI and 1.5T MRI. a: LVEDV left ven-
tricular end-diastolic volume. b: LVESV left ventricular end-systolic volume. c: LVSV left ventricular stroke volume. d: LV EF left ventricu-

lar ejection fraction. e: LVEDM left ventricular end-diastolic mass. No obvious trends in bias are present.
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statistically significant. Correlation for E/A-ratio was
good (intraclass correlation coefficient 0.77). Bland-Alt-
man-plots are presented in Fig. 3: no obvious trends in
bias were present.

SNR and contrast-to-noise ratio

The results for SNR and contrast-to-noise ratio-measure-
ments are presented in Table 2. The mean SNR measured
in the LV blood pool was higher at 7 T MRI, but the dif-
ference with 1.5 T MRI was not statistically significant.
The mean SNR measured in the interventricular septum
was significantly higher at 7 T MRI versus 1.5 T MRI
(roughly a factor-of-two), whereas in the LV lateral wall,
SNR at 7 T MRI was significantly lower than at 1.5 T
MRI (also roughly a factor-of-two). This demonstrates
that the drop-off in SNR between the interventricular
septum and LV lateral wall from the surface-coil transmit

and receive profiles was approximately a factor-of-four,
whereas the SNR for these two regions in the 1.5 T scans
were the same, illustrating the more homogeneous distri-
bution of signal in the 1.5 T MRI scans.

DISCUSSION

The main findings of this study are that the quantitative
values of LV volumes, function, and mass at 7 T MRI
agree well with the ‘‘gold standard’’ of 1.5 T MRI. In
addition, assessment of trans-mitral stroke volume and
ratio between early and atrial peak filling rates from VE
MRI at 7 T MRI also show strong agreement with assess-
ment at 1.5 T MRI, whereas the early and atrial peak fill-
ing rates, although statistically nonsignificantly different,
display a greater variation at 7 T MRI versus 1.5 T MRI.

Comparison studies between 1.5 T MRI and 3 T MRI
have already shown that an increase in field strength

FIG. 3. Bland Altman-plots for trans-mitral flow assessment at 7 T MRI and 1.5 T MRI. a: MV SV: trans-mitral stroke volume. b: MV
EPFR: trans-mitral early peak filling rate. c: MV APFR: trans-mitral atrial peak filling rate. d: MV E/A: ratio between trans-mitral EPFR

and APFR. No obvious trends in bias are present.

Table 2

Comparison of SNR and CNR at 7 T MRI Versus 1.5 T MRI

7 T MRI, mean 6 SD 1.5 T MRI, mean 6 SD Mean difference 6 SD P-value

SNR interventricular septum 63 6 23 36 6 21 27 6 31 0.04

SNR LV lateral wall 18 6 5 36 6 17 -18 6 20 0.04
SNR LV blood pool 110 6 32l 78 6 47 32 6 59 0.16
CNR blood pool-septum 47 6 10 42 6 26 5 6 31 0.64

CNR blood pool-lateral wall 93 6 29 42 6 32 51 6 42 0.01

Abbreviations: SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; SD, standard deviation.

1476 Brandts et al.



does not warrant a straightforward increase in image
quality (17–22). Technical difficulties limiting the full
potential of high field scanning need to be overcome or
at least to be taken into account when working at a
human whole-body 7 T MRI system. The use of SSFP
pulse sequences, providing excellent contrast between
myocardium and blood at 1.5 T MRI and therefore, the
method-of-choice for LV function and volume assess-
ment, has not yet been demonstrated at 7 T MRI (and is
even still very challenging at 3 T MRI) due to the pres-
ence of susceptibility artifacts, banding artifacts, and
specific absorption rate constraints limiting the use of a
short RF TR. Also, a transmit/receive coil is not commer-
cially available for 7 T MRI scanning. We used an in-
house constructed 13-cm-diameter quadrature double-
loop RF transmit/receive surface coil operating at 298.1
MHz for the 7 T MRI examinations. With the current
setup, the RF penetration depth was sufficient to visual-
ize the posterior LV wall, therefore making LV segmenta-
tion possible. However, development of larger surface
coils or coil arrays with elements positioned on the back-
side of the volunteer will improve RF penetration depth,
potentially resulting in increased SNR in the posterior
wall of the LV and more homogeneous distribution of
signal intensity in the imaging plane and therefore,
potentially resulting in a more reliable LV segmentation.
SNR in the interventricular septum was higher at 7 T
MRI when compared with 1.5 T MRI. The use of an
SSFP-sequence in combination with the five-element
phased-array surface receive coil and more robust car-
diac triggering at 1.5 T MRI results in overall superior
image quality with a more homogeneous distribution of
signal when compared with the current implementation
of cardiac acquisition schemes and parameters at 7 T
MRI. Nevertheless, despite the inhomogeneous signal
distribution at 7 T MRI, this did not lead to statistically
significant differences in LV volumes, function, and
mass at 7 T MRI versus 1.5 T MRI. The assessed varia-
bles also showed good agreement with 1.5 T MRI, illus-
trating that image quality for cine gradient-echo short-
axis MRI at 7 T was adequate for reliable segmentation.

This study is the first to report intraventricular flow
assessment by VE MRI at 7 T MRI and our results proved
that trans-mitral flow assessment is feasible. Excellent
agreement between 7 T MRI and 1.5 T MRI for mitral
valvular stroke volume assessment was found. Also,
assessing E/A-ratio did not show significant differences
between MRI-acquisition at 7 T MRI and 1.5 T MRI. On
the other hand, the poor agreement for assessing early
and atrial peak filling rates at 7 T MRI and 1.5 T MRI
illustrates that accurate depiction of the maxima in the
trans-mitral flow graphs (i.e., the parameters describing
diastolic filling) remains difficult due to the limited tem-
poral resolution of the graphs (i.e., only 40 phases per
cardiac cycle).

Local phase offset errors caused by concomitant gra-
dients can significantly corrupt flow assessment with VE
MRI (23). No background phase correction was per-
formed as described by Chernobelsky et al. (14), but by
using the method of local background correction (i.e.,
subtracting the mean velocity from nearby myocardium
from the velocity through the mitral annulus), it can be

assumed that besides correcting for through-plane
motion, also local phase offset errors are eliminated.

Our study does have some limitations. Only 10 volun-
teers were included and 7 T MRI-acquisition was suc-
cessful in 80% of these examinations, giving a group
size of eight overall. Nevertheless, good agreement with
1.5 T MRI was found despite the small sample size.
Interstudy reproducibility still needs to be assessed by
studying subjects repeatedly. Furthermore, patients with
variable severity of heart failure need to be evaluated to
study the value and robustness of the technique in esti-
mating the degree of LV dysfunction.

CONCLUSIONS

This study shows the feasibility of assessing LV vol-
umes, function, and flow at 7 T MRI and demonstrated
that the current acquisitions techniques at 7 T MRI pro-
vide similar quantitative results as compared to the gold
standard of 1.5 T MRI. It is to be anticipated that further
optimization of coil design (1,2,5,6) and acquisition
schemes will continue to improve cardiac MRI technol-
ogy at 7 T.
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