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Abstract

Object The objective was to improve the temporal resolution
in black-blood CINE tissue phase mapping sequences at high
field MR systems. The temporal resolution is limited due to
SAR constraints causing idle times into the sequence. The
aim was to avoid these idle times and therefore providing an
increased number of heart phases.

Materials and methods Thirteen volunteers were enrolled
in this study. Each volunteer underwent different myocar-
dial short-axis scans comprising scans with application of
both presaturation pulses, with alternating application of
presaturation pulses and with an attenuation of the excita-
tion angle. The last two approaches enable a SAR reduction
or increased temporal resolution. The contrast to noise ratio
(CNR) between myocardium and blood and the influence on
the measured tissue motion were investigated.

Results High CNR between myocardium and blood could
be obtained with the application of alternating presaturation-
pulses. Reduction of the flip angle of the presaturation-pulses
provided reduced CNR relative to both the original and the
alternated presaturation-pulses approach. More details of the
myocardial motion were observed with increased temporal
resolution.

A. Lutz (<) - A. Bornstedt - V. Rasche

University Hospital of Ulm, Albert-Einstein-Allee 23,
89081 Ulm, Germany

e-mail: Anja.Lutz@uniklinik-ulm.de

R. Manzke
Philips Research North America, Briarcliff Manor, NY, USA

G. U. Nienhaus
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

P. Etyngier
Medisys Research Lab, Philips Healthcare, Suresnes, France

: 22 December 2010 / Published online: 19 January 2011

Conclusion 1t is feasible to increase the temporal resolution
at high field strength by reducing the SAR with either alter-
nating presaturation-pulses or decreased flip angle of these
pulses.
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Introduction

In cardiac tissue phase mapping (TPM), black-blood con-
trast is preferred to avoid flow-related phase errors superim-
posed on the quantitative myocardial phase information and
to improve the delineation between myocardium and blood
pool [1-5].

Several techniques have been introduced for establish-
ing black-blood contrast. These methods comprise spatial
presaturation [2,6,7], 180° RF refocusing pulses [8], inver-
sion recovery (IR) and double inversion recovery (DIR)
approaches [9,10], susceptibility weighted imaging (SWI)
[11], the application of stimulated echo techniques (STEAM)
[12-15], and motion sensitizing (MS) for blood signal sup-
pression [16-19].

Due to the temporal resolution demands in cine imag-
ing, SWI and IR-based methods are not applicable to black-
blood TPM. The application of STEAM and MS to TPM
imaging appears possible but is limited by the concomi-
tant signal reduction in the moving myocardium especially
in phases of rapid motion, as already shown in the black-
blood SSFP sequence developed on the basis of STEAM by
Bashaetal. [15]. Here, a considerable B field inhomogeneity
within the myocardium was observed, which was attributed
to the deformation of the heart. More promising for achieving
black-blood contrast in TPM appear a spin-echo preparation
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[8] or presaturation of spins adjacent to the imaged slice
[2,6,7]. Both approaches rely on an almost complete blood
exchange between the spin preparation and the actual mea-
surement. In the presaturation technique, either two subse-
quent presaturation pulses adjacent to the imaged slice [6]
or a sandwich-pulse [7] have been introduced. Since the pre-
saturation techniques do not compromise myocardial signal
in the imaged slice and can be implemented efficiently, they
appear to be the most promising techniques for achieving
black-blood contrast in TPM.

However, due to specific absorption rate (SAR) con-
straints, idle times have to be introduced into the black-blood
cine TPM sequence at high field MR systems, thus causing
a reduction of the maximal number of measurable car-
diac phases in the TPM acquisition. Left ventricular func-
tional analysis requires adequate high temporal resolution
and hence a high number of cardiac phases [20,21] to ensure
assessment of all details of the myocardial contraction pattern
[22,23] and to avoid a reduction of the peak velocities [23].
In [20,21] the influence on the temporal resolution for impor-
tant functional parameters is investigated. The end-diastolic
volume (EDV) and left ventricular mass show no significant
variations, whereas the ejection fraction (EF) decreases with
increasing frame duration (significant for frame durations
longer than 45 ms). A comparison of different temporal res-
olutions in black-blood CINE TPM data was performed by
Jung et al. [23]. He showed, that a high temporal resolution of
13.8 ms results in higher radial diastolic peak velocities than
a low temporal resolution of 69 ms. From these data it can
be conducted that a minimal temporal resolution of 45 ms is
required for adequate assessment of the myocardial motion.
On high field MRI systems a reduction of SAR appears man-
datory for ensuring sufficient temporal resolution in TPM
imaging.

It is the objective of this study to investigate different SAR
reduction schemes regarding their potential for improving the
temporal resolution in TPM imaging. Two approaches have
been investigated: (a) reduction of the flip angle of the pre-
saturation pulses and (b) alternating application of the two
presaturation pulses with 90° flip angle. Both approaches
enable an improved temporal resolution and a more detailed
assessment of quantitative myocardial velocities compared to
the standard black-blood acquisition at high field strengths.

Materials and methods

Volunteers

A total of 13 volunteers (6 females, 7 males, age 25 &+ 4 years)
were enrolled in this study. The study protocol was approved

by the local ethics committee. All volunteers provided writ-
ten informed consent prior to the MRI examination.
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Data acquisition

Image acquisition was performed on a 3T whole body MR
scanner (Achieva 3.0T, Philips, Best, The Netherlands) with
a 32 [2 x 4 x 4] channel phased array cardiac coil.

After the rapid survey, a coil-sensitivity reference scan
was acquired, which was needed for the vendor specific
homogenization of the image signals produced by the 32 coil
elements. Breathhold cine cardiac two-chamber and four-
chamber views were acquired to define the central short-
axis image orientation, which was used in all subsequent
acquisitions.

The TPM acquisition was performed applying a black
blood prepared, respiratory navigated, segmented and veloc-
ity encoded cardiac triggered gradient echo sequence. The
acquisition parameters were: TE/TR=4.7ms/7ms, flip
angle=15°, resolution=2 x 2 x § mm3, 3 k-lines/segment,
acquisition matrix (M x P)=172x 168. The acquisition win-
dow was 90% of the RR-interval. Isotropic velocity encod-
ing of 30cm/s was performed in a Hadamard fashion by a
balanced four-point velocity vector method thus using lin-
ear combinations of velocity encoding in all three directions
simultaneously [24-26]. To improve the temporal resolution,
velocity encoding was performed in an interleaved fashion,
so that different velocity-encoding steps were acquired in
subsequent heart cycles [27].

Two presaturation slabs adjacent to the imaged slice
[2,3,6] were applied for black-blood preparation. Each pre-
saturation slab was 40 mm thick and placed at 12 mm distance
to the imaged slice. The presaturation module was 12ms
long, consisting of two presaturation pulses with 4.6 ms dura-
tion each and 2.8 ms long spoiler gradients. The presaturation
pulses had a maximum-phase SLR pulse shape. For respi-
ratory motion compensation, conventional navigator-gating
and tracking with an acceptance window of 10 mm was per-
formed applying a pencil beam navigator through the dome
of the right hemi-diaphragm [28]. The navigator was applied
at each start of the cardiac cycle [29]. Cardiac triggering was
achieved using a vector electrocardiogram.

To acquire a maximal number of heart phases the
B1-amplitude was optimized to 8 1T in all experiments. Fur-
ther reducing the B1-amplitude prolonged the presaturation
pulse part of the sequence, whereas higher B1-amplitudes
resulted in prolonged idle times.

In each volunteer, the following sequences with different
SAR demands were evaluated (see Fig. 1):

DS"Ps: two saturation slabs next to the imaged slice and
best achievable associated temporal resolution. DS refers
to dual saturation and npg to the maximum number of
heart phases measurable with dual saturation. In this
sequence both presaturation pulses were applied before
each heart phase with a flip angle presar = 90°.
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Fig. 1 Schema of the investigated sequences. Schema of the investi-
gated sequences a DS"PS, b AS"PS ¢ AS"AS, d RF"PS and e RF"AS.
In the sequence DS"PS two saturation slabs next to the imaged slice
were applied before each heart phase. Idle times were introduced due
to SAR limits. In the sequences AS"PS and AS"AS the presaturation
pulses were applied in an alternating mode. In the sequences RF"PS and
RE"S the flip angle of the presaturation pulses was reduced to 52°. In
the sequences AS"PS and RF"PS idle times were introduced in order to
allow a fair comparison to the conventional approach. In the sequences
AS"As and RF"AS the number of heart phases was increased to nags

— AS"™sS: two saturation slabs applied in an alternating
mode, such that only a single presaturation pulse was
applied before each heart phase (otpresac = 90°). The
sequence was measured with npg heart phases in order
to allow a fair comparison to the conventional approach.

— AS”"AS: alternating saturation pulses acquired with the
maximum number of heart phases n 5g possible with alter-
nating saturation.

— RF"AS: dual saturation, but with a reduced presaturation
flip angle of 52°, which allowed the same number of maxi-
mum phases n g as in the alternating presaturation pulses
approach.

— RF"Ps: dual saturation with a reduced flip angle of 52°
and nps number of heart phases.

Data analysis

The TPM MR images were analyzed by an in-house devel-
oped MATLAB software (R2008a; Mathworks, Natick,
MA). The segmentation of the myocardium was performed
automatically relying on active contour techniques by incor-
porating a shape model. After the segmentation of the first
phase, the information was propagated through the entire
sequence by tracking profile intensities [30,31].

The blood pool was defined as the area inside the detected
endocardial border. The papillary muscles were removed

the standard deviation. o, , denotes the standard deviation
of the blood. A mean CNR value over all heart phases was
calculated as:

1 n
CNR = — CNR 3
- phz_‘,l oh 3)

where n was the number of heart phases. For the above
described five sequences, the CNR was calculated in all
volunteers and the mean value CNR and standard deviation
ocnr of CNR over all volunteers were determined. Addition-
ally, the maximum and minimum values of CNRpp (CNR max
and CNR i) and the respective mean values CNR pax and
CNRpyin over all volunteers were calculated.

For investigation of spatially varying saturation effects,
the CNR was separately determined for the septal and
lateral part of the left ventricle. The mean values Cﬁsep
and CNRj, over all volunteers were calculated. For the
evaluation of temporal varying saturation effects over the
cardiac cycle, the CNR of defined time steps of the RR-
interval was calculated by interpolation of CNRp, over
time for each volunteer. These CNR values are denoted
as CNR,, where p defines the percentage of RR-interval.
Afterward, the mean value and standard deviation of CNR ,
over all volunteers were determined for all sequences. A
two-tailed paired ¢ test was performed to evaluate the statis-
tical significance with P values below 0.05 being considered
significant.

Before quantification of the resulting myocardial veloc-
ities, a background phase error correction was performed
using a linear fit to the phase of static tissue as suggested
earlier [32]. The radial (toward the center of the blood
pool) and longitudinal (toward the apex of the heart) veloc-
ity curves were calculated. Velocity—time curves for either
direction of motion were generated using the average myo-
cardial velocity of the respective imaged slice. Prior to the
analysis the velocity data acquired over time were inter-
polated by cubic splines to provide a continuous velocity
profile and to allow comparison of sequences with a dif-
ferent number of sampled heart phases. Physiologically, the
accumulated phase over the entire heart cycle must result
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to zero. To compensate for nonlinear phase error contribu-
tions, in a subsequent correction step the resulting velocity
curves were shifted accordingly to meet the physiological
conditions.

To evaluate the impact of the different presaturation
approaches on the measured velocity information, the cor-
relation coefficient r(sequence x, sequence y) between the
velocity curves obtained without and with SAR reduction
were calculated for radial and longitudinal velocity mea-
surements. Additionally, the radial and longitudinal velocity
range Av = Umax — Umin Was calculated for each sequence
and each volunteer. The mean velocity ranges over all vol-
unteers were determined. In healthy volunteers, high reso-
lution analysis of radial and longitudinal myocardial motion
reveals two main minima (one local at end-systole and one
global) in the equatorial slice [22]. Therefore, the percentage
of detected local minima at end-systole over all volunteers
Piocal 1s determined for both radial and longitudinal motion
directions.

Results

The nominal scan duration of each sequence, which describes
the acquisition time with 100% navigator acceptance,
resulted to 3:45min. The regular navigator acceptance was
in the range of 30-70%, thus resulting in total scan dura-
tions between 5:35 and 12:30min. The duration of a sin-
gle k-space segment was 40 ms, comprising the presaturation
pulse (12ms) and the acquisition of 3 k-space lines with a
single start-up excitation (28 ms).

For a cardiac frequency of 60 beats per minute, the tem-
poral resolution was 68 ms for npg = 13 heart phases and
40ms for npos =22 heart phases, indicating an introduced
idle time of 28 ms per phase due to SAR limitations in the
conventional technique.

The average beats per minute over all volunteers was
70 % 8. The maximum npg /nas across all subjects resulted
to 13/21, the minimum npg /nas to 10/16.

For npg heart phases, SAR was reduced to ~52% compared
to the DS"PS sequence for the alternating application of pre-
saturation pulses and to ~61% for the reduced presaturation
flip angle approach. The different techniques and their fea-
tures are listed in Table 1.

Figure 2 summarizes the resulting black-blood images
at end-diastole obtained by the different approaches exem-
plary for one volunteer. Visual inspection suggested best
performance of the conventional technique DS"PS followed
by the approach of alternating application of presaturation
pulses AS"AS_ Least suppression of blood was obtained by
the reduced flip angle approach RF"PS with npg heart phases.
The visual impression was confirmed by the quantitative
analysis (Fig. 3).

DS"™s resulted in maximum CNR. AS"PSand AS"AS
resulted in significant higher CNR than RF"PS(P-value
(AS"™Ps, RF"S) <(0.01) and RF"AS(P-value(AS"AS, RF"AS)
<0.01). For both, the alternating application and the reduced
flip angle approach the CNR values obtained with 745 num-
ber of heart phases were higher than those obtained with
nps heart phases. For the alternating approach, this difference
was significant (P-value=0.01), whereas for the reduced
flip angle approach this difference was not significant
(P-value = 0.08). For all but the CNR value obtained with the
sequence AS"AS, the CNR reduction was significant (Fig. 3).
For CNRax, N0 significant difference was observed for the
alternated approach compared to the values obtained with
the conventional technique. For CNR i, a nonsignificant
difference was only observed for the sequence AS"AS. For
all but the AS"ASsequence at least one of the values CNR ,
CNR pax 0r CNR 1in Was significantly reduced. Relative CNR
losses ranged from 2 to 6% for CNR, from 0 to 3% for
CNRax and from 2 to 5% for CNRyin.

Figure 3 shows the values CNRep, and CNRyy. For the
septum significant CNRp reduction compared to DS"PS was
only observed for AS"PS and RF"PS. For CNR{y no signifi-
cant reduction was obtained.

Figure 4 shows the values CNR, for p = n*10%, where n
are integers between 1 and 9. Less CNR was obtained in heart
phases, where blood exchange is limited. At all but one point

Table 1 Parameters of presaturation pulses for the five different techniques DS"PS, AS"Ds | AS"AS RF"DS and RF"AS, nph denotes the measured

heart phases

Technique Alternating presaturation Flip angle (°) Nph SAR (%) SR (%) Temp. resolution (ms) Idle time/phase (ms)
DS"ps No 90 13 90 100 68 28
AS"DS Yes 90 13 47 52.2 68 28
AS"AS Yes 90 21 77 85.6 40 0
RF"Ds No 52 13 55 61.1 68 28
RF"as No 52 21 89 98.9 40 0
SAR(seq.)

SR is the SAR reduction compared to the conventional sequence SR =

beats per minute
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SAR(DS"DS )

- 100%. All parameters listed are for a heart frequency of 60
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Fig. 2 TPM black-blood
images acquired by the
investigated sequences
exemplary for one volunteer.
TPM black-blood images at
end-diastole acquired by the
sequences a DS"PS, b AS"DS,
c AS"As, d RF"PS and e RF"A$
exemplary for one volunteer.
Visual inspection suggested best
performance for DS"Ps
followed by AS"AS. Least
suppression of blood was
obtained by the reduced flip
angle approach RF"PS

(d)

in time, the best CNR , was obtained by DS"PS | followed by
AS"As . Although there is a clear trend to improved CNR in
DS"™s | statistically significant differences between DS"PS
and AS"AS were only observed for CNR o, and CNRygg,
(P-values < 0.05). RF"0s| RF"As and AS"PS show signifi-
cant lower CNR , for most cardiac phases.

Figure 5 displays the radial velocities obtained by the five
sequences exemplarily for one volunteer. The low temporal
resolution sequences resulted in slightly reduced diastolic
peak velocity values of the diastolic relaxations compared to
the high temporal resolution sequences. Additionally, more
details were seen in the velocity values obtained with the high
temporal resolution sequences (for example a small peak at
approximately 420 ms).

The values of the correlation coefficient r(sequence x,
sequence y) (Table 2) were all higher than 0.94 thus show-
ing a good agreement between the general shape of the
motion curves. The correlation coefficients for the high tem-
poral resolution sequences r(DS"PS, AS"AS) and r(DS"PS,
RF"As) were lower than the coefficients r(DS"PS, AS"DS)
and r(DS"Ps, RF"PS). The radial and longitudinal velocity
ranges are listed in Table 2. For both motion directions, the
sequences with higher temporal resolution resulted in higher
velocity ranges than the sequences with low temporal reso-
lution. For the longitudinal velocity ranges, this difference
was significant (P value <0.05). The global minimum is
detected with all five sequences DSPS, AS"PS_ AS"AS RF"DS
and RF"4s. The radial and longitudinal local minimum at
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Fig. 5 Radial velocities over time for all investigated sequences exem-
plary for one volunteer. Radial velocities over time for all five inves-
tigated sequences DS"PS, AS"Ps, AS"As  RF"PS and RF"AS exemplary
for one volunteer. High correlations could be observed for all velocity
profiles. The low temporal resolution sequences show slightly reduced
diastolic peak velocities. The velocity profiles obtained with high tem-
poral resolution reveal more details

myocardium border could be delineated and flow-related
artifacts were sufficiently suppressed. If SAR reduction is
required for black-blood cine imaging the application of
alternating presaturation pulses appears superior to a sim-
ple reduction of the flip angle.

For all investigated sequences, no significant CNR reduc-
tion compared to DS™PS was obtained in the lateral wall. For
the sequences AS"PS and RF"PS, the septal wall shows signif-
icant CNR reductions. The spatial analysis of CNR therefore
reveals, that AS"AS and RF"AS can be used without any local
decrease in CNR.

Temporally, the saturation effects vary similar in all inves-
tigated sequences and show less CNR during the end of
systole. This might be explained by less blood exchange dur-

ing this part of RR-cycle. At most time points, the sequence
AS"AS results in similar blood suppression than DS"PS and
performs superior than a reduction of flip angle. The results
of CNR are therefore similar to the results of CNR P

No relevant difference in the low temporal resolution
velocity profiles was observed. However, the velocity profiles
acquired with improved temporal resolution revealed more
details of the myocardial motion causing slightly reduced
correlation coefficients r(DS"Ps, AS"AS) and r(DS"DS,
RF"43). Additionally, higher velocity ranges were obtained
with higher temporal resolution thus indicating a superior
performance of AS"AS and RF"AS. A similar observation
regarding the influence of temporal resolution on the peak
values was made by Jung et al. previously [22,23].

In [22] two main minima are detected in the equato-
rial slice with high temporal resolution (16.9ms). In this
study, the global minimum is detected with all investigated
sequences, whereas the local minimum at end-systole at
isovolumetric relaxation is more often detected with the
sequences providing higher temporal resolution AS"AS and
RF"4s_ This clearly indicates the need for SAR reduction at
3T for ensuring sufficient detail in the velocity curves.

To obtain high temporal resolution TPM data is impor-
tant for providing similar temporal motion information when
compared to tagging data [33], which has a temporal resolu-
tion of 20—40ms, but an inferior spatial resolution (4—8 mm)
than TPM (1-3 mm). One method to acquire even more car-
diac phases would be the measurement of only 2 or 1 k-lines
per segment. To compensate for the resulting long acquisi-
tion times, acceleration techniques such as kt-SENSE will
likely be required.

By even further reducing the flip angle of the presaturation
pulses to less than 37° the frame duration could be further
reduced. However, the concomitant further reduction of CNR
will limit the application of automatically segmentation.

Another method to further increase the temporal resolu-
tion is a combination of the introduced modified presatura-
tion TPM sequences with view sharing [34,35], which reuses
some of the same k-space data for the reconstruction of two
ore more images [36].

To further improve the contrast, the location of the
presaturation pulse may be controlled by the main flow direc-
tion. More basal presaturation pulses may be used during the

Table 2 Av and Pjocq for all

sequences and r(seq. x, seq. y) Sed. Avy Au Procal r Procal. r(DS™, seq.), r(DS™, seq.)i
nps

between DS™ and all other DS"™s  7.36+1.03  14.16+3.18  0.38 0.08

sequences averaged over all

volunteers AS'™DS 7524087 1434281 0.62 0.00 0.99 £ 0.01 0.98 £ 0.02
AS"AS 7.94 £0.87 16.12 £2.58 0.85 0.38 0.97 £0.01 0.94 +£0.03
RF"DS 7.64 £1.07 14.19 £2.98 0.46 0.00 0.98 +0.02 0.97 £0.03
RF"AS 7.85+£0.91 16.66 +2.44 0.77 0.69 0.96 +0.02 0.95 +£0.02
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filling phases and more apical presaturation pulses during
contraction. For this process the exact systolic and diastolic
timing must be known. This can be either done by a functional
prescan, where the systolic and diastolic cardiac phases can
be assessed, or by a previous quantitative measurement of
through plane blood flow in the desired slice, using the infor-
mation of the direction of inflow to place the presaturation
pulse for each heart phase. This refined method would ensure
saturation of spins likely entering the imaged slice. However,
changes in the contraction pattern of the heart between pre-
scan and TPM measurement may lead to unpredictable blood
suppression in the corresponding heart phases.

In this study only short-axis views were acquired. The
sequences investigated above could also be applied to long
axis oriented cardiac views, however due to the reduced
blood exchange in the long axis planes we assume, that
the CNR would be decreased compared to the short-axis
views.

Furthermore, in this study, only healthy volunteers have
been investigated. In patients, limitations of the proposed
techniques may rise in cases of reduced cardiac output caus-
ing insufficient blood exchange.

The application of the proposed techniques is also of inter-
est for non-TPM applications such as a reduction of the field
of view by spatial presaturation at high field strengths.

Conclusion

Black-blood cine TPM imaging at 3T with increased tempo-
ral resolution appears feasible with both investigated SAR
reduction techniques. The application of alternating presat-
uration pulses leads to superior CNR values compared to
spatial presaturation with reduced flip angle. The gain in
CNR is almost independent on the location on the myo-
cardium or the cardiac phase. The analysis of the myocar-
dial motion obtained by the different sequences reveals that
the achievable temporal resolution without SAR reduction
is not sufficient to reveal all motion information. There-
fore, SAR reduction for improved temporal resolution at 3T
is desirable. The high temporal resolution sequences with
either alternating saturation pulses or saturation pulses with
reduced flip angle reveal higher peak velocities and a more
detailed motion patterns. This gain of motion information
might be of importance for myocardial motion analysis of
patients with contraction abnormalities.
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