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A B S T R A C T

Introduction: This study examined the feasibility of aortic valve planimetry at 7 T ultrahigh field MRI in in-
traindividual comparison to 3 T and 1.5 T MRI.
Material and methods: Aortic valves of eleven healthy volunteers (mean age, 26.4 years) were examined on a 7 T,
3 T, and 1.5 T MR system using FLASH and TrueFISP sequences. Two experienced radiologists evaluated overall
image quality, the presence of artefacts, tissue contrast ratios, identifiability, and image details of the aortic
valve opening area (AVOA). Furthermore, AVOA was quantified twice by reader 1 and once by reader 2.
Correlation analysis between artefact severity and employed magnetic field strength was performed by modified
Fisher’s exact-test. Paired t-test was used to analyse for AVOA differences, and Bland-Altman plots were used to
analyse AVOA intra-rater and inter-rater variability.
Results: Aortic valve imaging at 7 T, 3 T, and 1.5 T with using FLASH was less hampered by artefacts than
TrueFISP imaging at 3 T and 1.5 T. Tissue contrast and image details were rated best at 7 T. AVOA was measured
slightly smaller at 7 T compared to 3 T (TrueFISP, p-value= 0.057; FLASH, p-value= 0.016) and 1.5 T
(TrueFISP, p-value= 0.029; FLASH, p-value= 0.018). Intra-rater and inter-rater variability of AVOA tended to
be slightly smaller at 7 T than at 3 T and 1.5 T.
Conclusion: Aortic valve planimetry at 7 T ultrahigh field MRI is technically feasible and in healthy volunteers
offers an improved tissue contrast and a slightly better reproducibility than MR planimetry at 1.5 T and 3 T.

1. Introduction

With a prevalence of 33.9%, valvular aortic stenosis is the most
frequent type of valvular heart disease in Europe [1]. Diagnostic aortic
valve imaging is possible by echocardiography, catheterization, com-
puted tomography, or cardiac magnetic resonance imaging (CMR) [2].
Choosing CMR, aortic valve imaging can be performed either by phase
contrast imaging or by time-resolved cine imaging which allows pla-
nimetry of the maximum aortic valve opening area [2].

In the last decade, magnetic resonance systems with increased static
magnetic field strengths have been developed and introduced in clinical
routine. While 1.5 T could be considered the established standard
magnetic field strength for clinical MRI systems, a significant market
share of clinical MRI systems today operates at 3 T. Since about a

decade, ultrahigh field (UHF) MRI systems operating at 7 T field
strength have been introduced for research applications [3,4]. The in-
creased field strength provides inherent advantages and disadvantages.
On the one hand, the higher field strength inherently provides higher
signal-to-noise ratios allowing for a higher spatial and/ or temporal
resolution. Additionally, due to higher tissue susceptibility, higher
magnetic field strength may improve tissue contrast [5–8]. On the other
hand, use of clinical established cardiac imaging sequences may be
limited, consequently True Fast Imaging balanced Steady-state free
Precession (TrueFISP) may be hampered by artefacts at higher field
strength MRI [9]. Furthermore, increased susceptibility and chemical
shift artefacts as well as inhomogeneities of the B1 excitation field can
interfere with ultrahigh field MR imaging [6]. The aforementioned
factors render homogenization of the static magnetic field (B0
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shimming) and homogenization of the excitation field (B1 shimming)
crucial, especially in the cardiac region. Multi-channel B1 shimming of
the transmit RF field at 7 T MRI is mandatory to provide homogeniza-
tion of the signal excitation across the cardiac volume [10,11].

Simultaneously an increased power deposition (specific absorption rate,
SAR) in the examined human tissue has to be monitored and, if ne-
cessary, limited.

Performing CMR at 7 T UHF is even more challenging. The

Table 1
Detailed sequence parameters of the acquired cine CMR sequences.

1.5 T 3 T 7 T

FLASH TrueFISP FLASH TrueFISP FLASH

TR [ms] 49.14 39.39 50.76 29.1 40.9
TE [ms] 3.45 1.36 2.89 1.27 4.76
Matrix [pixel] 208*136 208*170 208*141 208*144 240*196
Field of View [mm2] 340*278 340*278 340*278 340*285 360*294
Flip angle [°] 15 54 12 38 70
Segments 7 13 9 10 5
Calculated phases 25 25 25 25 25
Spatial resolution [mm3] 1.6×1.97× 4 1.6× 1.6× 4 1.6× 1.97×4 1.6×1.98× 4 1.5× 1.5× 3
Voxel Volume [mm3] 12.6 10.2 12.6 12.7 6.8
Temporal resolution [ms]

(given a mean heart rate of 70 bpm)
2.8 2.8 2.8 2.8 2.8

Bandwidth [Hz/px] 253 925 445 1502 992
pMRI Grappa R=1 R=2 R=1 R=3 R=2
Number of active RF coil channels 20-32 Rxa 20-32 Rxa 20-32 Rxa 20-32 Rxa 8 Tx/Rx

FLASH, Fast Low-Angle Shot sequence; TrueFISP, True Fast Imaging balanced Steady-state free Precession; TR, repetition time; TE, echo time; pMRI, parallel MRI; RF,
radiofrequency; Rx, receive; Tx, transmit;

a Using auto coil select mode. In TrueFISP relatively low flip angle had to been chosen due to SAR-restrictions.

Fig. 1. Aortic valve imaging in a 29-years-old female at 7 T. On the left side the aortic valve is displayed in the closed state, while on the right side it is displayed
opened. TrueFISP images were considerably hampered by artefacts, while FLASH images were less hampered by artefacts and provided sufficiently high contrast
between blood pool and aortic valve rim.
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associated higher resonance frequency (300MHz) and shorter radio-
frequency (RF) excitation wavelength may lead to increased excitation
field (B1) inhomogeneities [3,4]. This is a limiting factor and requires
the development of appropriate RF shimming hardware and RF
transmit/receive coils [3,4]. In addition, correct cardiac triggering for
CMR at 7 T is challenging. Due to an increasing magneto-hydrodynamic
effect the T-wave of the recorded electrocardiogram (ECG) is elevated,
leading to a mix-up of the elevated T-wave and R-wave, resulting in
decreased reliability of ECG gating in 7 T CMR studies [12,13]. Because
the pulse oximetry, as an alternative for cardiac triggering at 7 T, is less
precise in dynamic CMR, a new acoustic option for cardiac triggering,
the phonocardiogram, had been developed and successfully tested at
1.5 T and 7 T [13–16]. So far, feasibility of cine cardiac imaging for
global cardiac function assessment, feasibility of cardiac T2* mapping
and feasibility of right coronary MR angiography at 7 T could be de-
monstrated [17–21].

Reflecting the inherently high signal to noise ratio and tissue con-
trast at 7 T UHF MRI, we hypothesized that high spatial resolution and
improved contrast at 7 T might result in better aortic valve delineation,
improved planimetry, and consequently in increased diagnostic cer-
tainty in aortic valve imaging when compared to clinical field strength
MRI at 3 T and 1.5 T. Thus, the aim of this study was to examine the
technical feasibility and systematic evaluation of aortic valve plani-
metry at 7 T.

2. Material and methods

2.1. Volunteers

Eleven healthy volunteers (five females, six males) were examined.
Mean age was 26.4 ± 4.7 years (range, 22–38 years). Mean weight was
68.4 ± 10.6 kg (range, 52–85 kg) and mean height 173 ± 7 cm
(range, 162–184 cm). Informed consent for the CMR examination and
trial participation was given by all participating volunteers. Prospective
analysis and use of data was approved by the local ethic committee.

2.2. Cardiovascular magnetic resonance imaging

CMR examinations were performed on a 1.5-Tesla system (MAGN-
ETOM Aera, Siemens Healthcare GmbH, Erlangen, Germany), a 3-Tesla
system (MAGNETOM Skyra, Siemens Healthcare GmbH), and a 7-Tesla
whole-body research MR system (MAGNETOM 7 T, Siemens Healthcare
GmbH). At 1.5 T and 3 T, using the auto coil select mode (Siemens

Healthcare GmbH) an 18-channel RF receive body coil (Body 18,
Siemens Healthcare GmbH) and a 32-channel RF receive spine array
coil (Spine 32, Siemens Healthcare GmbH) were combined for image
acquisition. At 7.0 T UHF MRI, an in-house developed 8-channel RF
transmit/receive coil consisting of two arrays with each four elements
placed ventrally and dorsally on the chest was used [11]. Additionally,
static 8-channel RF shimming was applied to increase B1 transmit
homogeneity at 7 T MRI. The 8-channel static RF shimming setup al-
lows for individual manipulation of RF amplitude and phase for each of
the RF channels. A graphic user interface enables patient-specific op-
timization of RF shimming parameters to provide improved RF homo-
genization across the cardiac volume [10,11]. Stacks of short axis cine
images covering the aortic valve and the adjacent left ventricular out-
flow tract/ ascending aorta were acquired using a TrueFISP sequence
(at 1.5 T and 3 T) and a Fast Low-Angle Shot (FLASH) sequence (at
1.5 T, 3 T, and 7 T) in breath-hold technique on all three MRI systems.
The detailed sequence parameters are provided in Table 1. At 1.5 T and
3 T ECG-gating was used for sequence triggering. At 7 T, a finger pulse
sensor was used for cardiac triggering and synchronization of the CMR
sequences.

2.3. Image assessement

Two radiologists with CMR experience (> 6 years and> 3 years)
independently evaluated the images. The following parameters were
assessed for evaluation:

(1) Presence of interfering artefacts:

• Qualitative severity of artefacts was rated using a 5-point Likert-type
scale (0, no artefacts; 1, slight artefacts/ image evaluation hardly
hampered; 2, considerable artefacts; 3, severe artefacts/ image
evaluation still possible; 4, image analysis not feasible due to arte-
facts).

(2) Tissue contrast:

• Qualitative rating of the tissue contrast comparing 1.5 T and 3 T to
7 T using a 3-point Likert-type scale (1, superiority of 7 T compared
to 1.5 T or 3 T; 2, equality of 7 T and 1.5 T or 3 T; 3, inferiority of 7 T
compared to 1.5 T or 3 T).

• Quantitative image assessment was performed by comparison of the
contrast ratios (CR = (signal of blood pool – signal of aortic valve
rim) / (signal of blood pool+ signal of aortic valve rim)) between
7 T, 3 T, and 1.5 T [22].

(3) Aortic valve opening area:

• Qualitative rating of the identifiability of the aortic valve using a 4-
point Likert-type scale (1, poorly definable; 2, moderately definable;
3, well definable; 4, excellently definable).

• Qualitative rating of the image details comparing 1.5 T and 3 T to
7 T using a 3-point Likert-type scale (1, superiority of 7 T compared
to 1.5 T or 3 T; 2, equality of 7 T and 1.5 T or 3 T; 3, inferiority of 7 T
compared to 1.5 T or 3 T).

Table 2
Qualitative artefact severity (given as median (range)).

Sequence/ field strength reader #1 reader #2

7 T FLASH 0 (0–1) 1 (0–1)
3 T FLASH 1 (0–1) 1 (0–1)
1.5 T FLASH 1 (0–1) 1 (1–2)
3 T TrueFISP 2 (1–4) 2 (1–3)
1.5 T TrueFISP 2 (0–4) 2 (0–3)

0, no artefacts; 1, slight artefacts; 2, considerable artefacts; 3, severe artefacts;
4, image analysis not feasible.

Fig. 2. Aortic valve imaging in a 25-years-old male at 7 T, 3 T, and 1.5 T. TrueFISP images in general were more hampered by artefacts than were FLASH images.
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• Quantitative measurement of the aortic valve opening area by
manual drawing of regions of interest. This was performed twice by
reader #1 (for intra-reader variability assessment) and once by
reader #2 (for inter-reader variability assessment).

2.4. Statistical analysis

MedCalc (version 12.3.0.0, MedCalc Software, Belgium) was used
for statistical analysis. Testing for normal distribution was done by
D’Agostino-Pearson test. Normally distributed continuous data are
given as mean ± standard deviation, ordinal or non-normally dis-
tributed data as median and interquartile range. Modified Fisher’s
exact-test was performed to analyse for a statistical correlation between
artefact severity and employed MRI sequence/ field strength. Wilcoxon
test was used to compare CR between employed MRI sequences/ field
strengths. Intra-rater and inter-rater variability of the aortic valve
opening area measurements was analysed using Bland-Altman plots
[23]. Paired t-test was used to analyse for mean aortic valve opening
area differences between employed MRI sequences/ field strengths.

3. Results

All eleven volunteers were successfully investigated at all field
strengths, 1.5 T, 3 T, and 7 T. Initial tests comparing TrueFISP and
FLASH at 7 T showed that TrueFisp images were much more hampered
by artefacts and that the contrast between blood pool and aortic valve
rim was high in FLASH images (Fig. 1). Therefore, further aortic valve
imaging at 7 T was performed only using FLASH. Aortic valve imaging
using FLASH at 7 T, 3 T, and 1.5 T was less hampered by artefacts than
was aortic valve imaging using TrueFISP at 3 T and 1.5 T in both
readers (Table 2, reader #1: p-value< 0.001, reader #2: p-value=
0.003, Fig. 2). Qualitative tissue contrast of the aortic valve was better
at 7 T compared to 1.5 T or 3 T (Table 3, Figs. 3 and 4). This was
supported by the quantitative tissue contrast comparison using CR,
which was significantly higher in 7 T FLASH (median=0.46) com-
pared to 3 T TrueFISP (median= 0.22, p-value=0.024), 3 T FLASH
(median=0.24, p-value= 0.014), 1.5 T TrueFISP (median= 0.19, p-
value=0.005), or 1.5 T FLASH (median= 0.20, p-value= 0.027).
Median rating of aortic valve identifiability at 7 T was excellent ac-
cording to reader #1 (rating of reader #1 ranging from moderately
definable to excellently definable) and well according to reader #2
(rating of reader #2 ranging from well definable to excellently defin-
able). Qualitative image detail in aortic valve imaging was rated higher

in 7 T FLASH than in 1.5 T TrueFISP, 1.5 T FLASH, 3 T TrueFISP, or 3 T
FLASH by both readers (Table 4).

The aortic valve opening area was measured slightly smaller at 7 T
compared to 3 T (Table 5, 3 T TrueFISP: p-value= 0.057, 3 T FLASH: p-
value= 0.016) and 1.5 T (1.5 T TrueFISP: p-value=0.029, 1.5 T
FLASH: p-value=0.018). Intra-rater and inter-rater variability of the
aortic valve opening area measurements tended to be slightly smaller at
7 T compared to 3 T and 1.5 T (Table 6, Fig. 5).

4. Discussion

This study demonstrated that aortic valve imaging at 7 T despite
significant technical challenges is feasible. Aortic valve images at 7 T
exhibited a better qualitative tissue contrast than aortic valve images at
1.5 T or 3 T and the intra-rater and inter-rater variability of the aortic
valve opening area tended to be slightly smaller at 7 T.

For correct diagnosis and treatment planning in patients suffering
from aortic valve stenosis, an exact aortic valve opening area plani-
metry is crucial. As demonstrated by Debl et al., the aortic valve
opening area quantified by 1.5 T CMR planimetry correlates highly with
the aortic valve opening area quantified by transesophageal echo-
cardiography or catheterization [2]. In addition, Debl et al. showed that
CMR planimetry at 1.5 T overestimated the aortic valve opening area
measured by transesophageal echocardiography by 15% and the aortic
valve opening area measured by catheterization by 27%. Thus, our
finding, that the aortic valve opening area was slightly smaller mea-
sured at 7 T than at 1.5 T or 3 T might be interpreted as a hint that
aortic valve measurement at 7 T is more precise. This interpretation is
underpinned by the slightly smaller intra-rater and inter-rater aortic
opening area variability at 7 T. Hence, aortic valve planimetry seems to
benefit from imaging at higher magnetic field strength as it seems to be
more accurate at 7 T. From our results we conclude, that the increased
spatial resolution and the increased contrast between blood pool and
aortic valve rim in 7 T measurements contributed to the better depict-
ability of the aortic valve opening area when compared to examinations
acquired at 3 T and 1.5 T field strength.

Performing CMR and especially CMR of the aortic valve with UHF
MRI at a field strength of 7 T is still associated with numerous and
significant technical challenges [3,4]. The resonance frequency at 7 T is
about 300MHz. This is associated with a rather short excitation RF
wavelength, leading to B1 signal homogeneities and signal dropouts
when imaging the human body [3,4]. Multi-channel RF transmit/re-
ceive technology and B1-shimming strategies are thus technical pre-
conditions to perform CMR at 7 T [3,4]. Against this background, re-
searchers in the UHF MRI community rely on developing their own
multi-channel RF equipment and transmit/receive RF coils [10,24,25].
In this context, our study demonstrates technical feasibility of aortic
valve delineation with 7 T MRI and the results reflect the current state
in 7 T aortic valve measurements. With further developments of multi-
channel transmit/receive RF technology and RF coils we believe that
the inherently high signal to noise ratio and contrast potential of 7 T
UHF MRI can be even better utilized and transferred into diagnostic
improvements compared to 3 T and 1.5 T MR cardiac imaging.

Another specific challenge of CMR at 7 T is exact and robust cardiac

Table 3
Qualitative tissue contrast of the aortic valve (given as median (range)).

Sequence/ field strength reader #1 reader #2

7 T FLASH vs. 1.5 T FLASH 1 (1–3) 1 (1–2)
7 T FLASH vs. 3 T FLASH 1 (1–2) 1 (1–2)
7 T FLASH vs. 1.5 T TrueFISP 1 (1–2) 1 (1–2)
7 T FLASH vs. 3 T TrueFISP 1 (1–2) 1 (1–2)

Vs., versus; 1, superiority of 7 T compared to 1.5 T/3 T; 2, equality of 7 T and
1.5 T/3 T; 3, inferiority of 7 T compared to 1.5 T/3 T.

Fig. 3. Aortic valve imaging in a 24-years-old female at 7 T, 3 T, and 1.5 T. Qualitative tissue contrast of the aortic valve was better at 7 T than at 3 T or 1.5 T.
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gating and triggering of MRI sequences in the 7 T UHF environment
[4,13]. While conventional ECG triggering due to the magneto-hydro-
dynamic effect often fails in 7 T MRI, pulse triggering works mostly
robust [4,12,13]. However, it fails to provide a well-defined trigger
signal to synchronize the imaging sequences. Here, the use of acoustic
triggering has been proposed and evaluated, providing convincing re-
sults in 7 T CMR 13,16]. Also, the use of ultrasound sensors has been
suggested and tested at 1.5 T, 3 T, and 7 T CMR [15,26]. In this study,
pulse triggering was used for cardiac gating. Due to the inherently
limited precision of this gating method, this may have introduced slight
motion artefacts and image blurring in the 7 T acquisitions.

Another aspect worth discussing is the potential transfer from our
results to clinical applicability of 7 T UHF MRI on cardiac patients.
Cardiac patients often come with passive or even active metallic im-
plants. Accordingly, MRI safety aspects have to be clarified for each
individual case before 7 T MRI can be considered [3]. Aside from the
safety aspects, the general volunteer and patient compliance of 7 T UHF
MRI is high and the observed side effects such as temporary dizziness

have been reported as only minor in our own institution [27,28] and
other UHF MRI institutions [29].

4.1. Conclusions

Aortic valve imaging at 7 T UHF MRI is technically feasible and in
healthy volunteers offers an improved tissue contrast, improved spatial
resolution, and slightly better reproducibility compared to aortic valve
imaging at 1.5 T and 3 T.
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Fig. 4. Aortic valve imaging in a 22-years-old female at 7 T. Five cine FLASH images of the aortic valve nicely demonstrate the aortic valve movement over time.

Table 4
Qualitative image detail in aortic valve imaging (given as median (range)).

Sequence/ field strength reader #1 reader #2

7 T FLASH vs. 1.5 T FLASH 1 (1–2) 1 (1–1)
7 T FLASH vs. 3 T FLASH 1 (1–1) 1 (1–2)
7 T FLASH vs. 1.5 T TrueFISP 1 (1–2) 1 (1–2)
7 T FLASH vs. 3 T TrueFISP 1 (1–2) 1 (1–2)

Vs., versus; 1, superiority of 7 T compared to 1.5 T/3 T; 2, equality of 7 T and
1.5 T/3 T; 3, inferiority of 7 T compared to 1.5 T/3 T.

Table 5
Results of the quantitative aortic valve opening area measurement.

mean ± standard deviation [mm²] range [mm²]

7 T FLASH #1, reading 1 333 ± 94 212–507
#1, reading 2 332 ± 92 224–516
#2 353 ± 116 251–601

#1, reading 1 368 ± 102 238–588
#1, reading 2 375 ± 105 198–569
#2 388 ± 111 235–580

3 T FLASH #1, reading 1 387 ± 108 273–624
#1, reading 2 392 ± 98 283–568
#2 404 ± 123 237–591

1.5 T TrueFISP #1, reading 1 359 ± 87 267–543
#1, reading 2 355 ± 92 234–543
#2 386 ± 128 210–602

1.5 T FLASH #1, reading 1 383 ± 99 260–574
#1, reading 2 381 ± 103 260–583
#2 429 ± 98 275–593

#1, reader #1; #2, reader #2.

Table 6
Intra-rater and inter-rater variability of aortic valve opening area measurements
(given in mm²).

bias SD 95%-confidence interval

Intra-rater 7 T FLASH 1 13 −25 to 26
3 T TrueFISP −7 25 −55 to 42
3 T FLASH −5 30 −64 to 54
1.5 T TrueFISP 4 31 −58 to 65
1.5 T FLASH 2 15 −27 to 31

Inter-rater 7 T FLASH −20 45 −108 to 68
3 T TrueFISP −20 53 −125 to 85
3 T FLASH −17 55 −125 to 91
1.5 T TrueFISP −27 66 −156 to 102
1.5 T FLASH −46 45 −134 to 42

SD, standard deviation.
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