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Abstract

Purpose T, dispersion quantification can potentially be used as a cardiac magnetic resonance index for sensitive detection
of myocardial fibrosis without the need of contrast agents. However, dispersion quantification is still a major challenge,
because 7', mapping for different spin lock amplitudes is a very time consuming process. This study aims to develop a fast
and accurate T, mapping sequence, which paves the way to cardiac T, dispersion quantification within the limited measure-
ment time of an in vivo study in small animals.

Methods A radial spin lock sequence was developed using a Bloch simulation-optimized sampling pattern and a view-
sharing method for image reconstruction. For validation, phantom measurements with a conventional sampling pattern and
a gold standard sequence were compared to examine 7, quantification accuracy. The in vivo validation of 7', , mapping was
performed in N=10 mice and in a reproduction study in a single animal, in which ten maps were acquired in direct succes-
sion. Finally, the feasibility of myocardial dispersion quantification was tested in one animal.

Results The Bloch simulation-based sampling shows considerably higher image quality as well as improved T, quantifica-
tion accuracy (+ 56%) and precision (+ 49%) compared to conventional sampling. Compared to the gold standard sequence,
a mean deviation of — 0.46 & 1.84% was observed. The in vivo measurements proved high reproducibility of myocardial T},
mapping. The mean 7', in the left ventricle was 39.5 + 1.2 ms for different animals and the maximum deviation was 2.1%
in the successive measurements. The myocardial T, dispersion slope, which was measured for the first time in one animal,
could be determined to be 4.76 +0.23 ms/kHz.

Conclusion This new and fast 7;, quantification technique enables high-resolution myocardial 7, mapping and even dis-
persion quantification within the limited time of an in vivo study and could, therefore, be a reliable tool for improved tissue
characterization.
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Introduction

Cardiac magnetic resonance imaging (cMRI) has become
an increasingly important imaging technique, which enables
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ogy and basic cardiologic research. In addition to informa-
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offers the possibility of enhanced tissue characterization to
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investigate tissue defects like edema, inflammation or fibro-
sis [1-3]. There are several methods facilitating magnetic
resonance imaging to enable tissue characterization, such as
late gadolinium enhancement (LGE), T,- and T, mapping,
and the quantification of the extracellular volume [4-8].
However, some of these methods require the administration
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of gadolinium contrast agent, which is contraindicated
in certain patients, especially those with reduced renal
function.

Native T, quantification has been emerged to be a prom-
ising alternative. The T} 0 relaxation mechanism, also called
spin lattice relaxation in the rotating frame, uses an on-
resonant radiofrequency pulse that locks the magnetization
and prohibits free relaxation of the spin ensemble [9-11].
This applied spin lock (SL) pulse causes a high sensitiv-
ity to low frequency processes at the molecular and cel-
lular level (e.g. of biologic macromolecules) [12-14]. In
the field of cMRI, the SL method, using a moderate lock-
ing amplitude, has been shown to suppress low frequency
relaxation mechanisms that obscure endogenous contrast
[15]. In chronic infarcts in the swine model, T, revealed a
significant increase compared to healthy remote myocardium
even without the use of contrast agents [15]. Compared to
other native quantification techniques, T}, improves the con-
trast ratio between diseased and healthy myocardial tissue
[16-18]. In experimental models as well as in vivo, T 0 has
already been shown to be a sensitive marker for the detec-
tion of several tissue damages like edema, ischemia, fibrosis
and myocardial infarction [19-22]. Moreover, T, gives the
possibility for dispersion measurements by manipulation of
the effective SL pulse amplitude, enabling additional con-
trast mechanisms and further improved tissue characteri-
zation [11]. In this context it could already be shown that
T, dispersion quantification can be used as a myocardial
biomarker for the classification of different stages of fibro-
sis [19]. This dispersion behavior is of great interest and
might be highly beneficial not only in basic research in vari-
ous animal models, but also in various scenarios in clinical
practice [23-25]. However, fast and accurate 7', dispersion
quantification in cMRI is still a major imaging challenge,
since the preparation of T, must be carried out immediately
before each acquisition [26, 27] and the acquisition time
is strongly limited by physiological parameters such as the
breathing cycle and heart rate. For the calculation of a single
T}, map, several images with different 7', weightings must
be acquired. To quantify the dispersion, several maps must
be measured using different SL amplitudes. This procedure
can lead to excessive measurement times, especially in small
animal studies.

Despite the many promising possibilities of cardiac T,
dispersion quantification, only minor attention has been
paid to the technique itself so far. To date, there are only a
few publications that deal with myocardial T, dispersion
analysis. In the work presented by Witschey et al. [15] myo-
cardial T, mapping was performed in vivo using an infarc-
tion model in pigs. Here, the infarction area could be clearly
visualized using cardiac T';, mapping. However, T, disper-
sion measurements were only performed ex vivo, revealing
a significant difference in the dispersion behavior between
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infarcted, border zone and remote myocardium. Musthafa
et al. [20] presented a study in a mouse infarction model at
which T, mapping was performed at several time points
after infarction, accounting a significant increase of 7', at
day 7 after infarction. The sequence used for high-resolution
T, mapping was based on respiratory and heartbeat trig-
gered spin locking followed by a single Cartesian spin echo
readout. This acquisition procedure ensured a high signal-to-
noise ratio (SNR) but was relatively slow, requiring a total
scan time of approximately 20 min for a single-slice T,
map, although only four different 7', , weighted images were
acquired for mapping. This work also introduced an accel-
erated proof of concept T, dispersion measurement with
reduced spatial resolution. However, these measurements
only seem to roughly estimate the dispersion behavior and
do not allow an exact pixel-by-pixel quantification. In the
work published by Yin et al. [19] T}, dispersion analysis has
been performed in a fibrosis model in several dogs in vivo.
The authors introduced a dispersion dependent myocardial
biomarker that enables the distinction between different
grades of fibrosis. A drawback of the study is that only two
relaxation maps were used for dispersion quantification and
one of these maps did not represent a true 7', , map but rather
a T, map. Over all, the main reason why there is no suitable
myocardial 7', dispersion quantification method so far is the
fact that an accurate measurement can take several hours.

The aim of our work is to introduce a very fast and accu-
rate 7', quantification technique that enables high-resolution
myocardial 7, mapping and T, dispersion quantification
even within the limited time window of a small animal
in vivo study. For this, a Bloch simulation-optimized imag-
ing sequence using high flip angles and a radial view-sharing
method has been developed ensuring high SNR and effi-
cient data sampling. In our study, the new radial sampling
technique was compared in phantom measurements with a
conventional radial acquisition scheme and a reference gold
standard technique. In addition, measurements were carried
out in N=10 healthy mice to test the in vivo applicability
and to carry out, for the first time, quantitative dispersion
imaging in the myocardium.

Methods
Sequence design

The optimized T, mapping sequence has been designed to
acquire a series of T, weighted images with different SL
times fg; within a single measurement. Therefore, a signal
intensity dependent radial sampling pattern and a k-space
view-sharing method has been used. T, preparation was
performed by a balanced spin locking module, which
includes two adiabatic half-passage (AHP) excitation pulses,
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three continuous wave SL pulses using alternating phases
and two opposite 180° refocusing pulses for improved B,
and B, insensitivity [28, 29]. For data acquisition, a golden
angle radial gradient echo readout was used [30], acquiring
four radial spokes after each SL preparation (Fig. 1). The
acquisition window was positioned in end diastole using a
dynamic trigger delay (depending on fg; ) after the R-wave of
the ECG signal. Each preparation experiment was separated
by a waiting time 7, for magnetization recovery, which is
dependent on the respiratory cycle rate. Data sampling was
segmented into 13 preparation experiments with identical
preparation characteristics (identical SL time #5; and SL
amplitude fg; ). These 13 identical preparation experiments
were carried out with eight different SL times, enabling the
reconstruction of eight images with different 7', weight-
ings using a k-space weighted image contrast (KWIC) fil-
tered view-sharing method [31]. This leads to 13 x8=104
consecutive preparation experiments and consequently
104 x4 =416 radial acquisitions in total for the generation
of a single T, map. The acquisition time at a respiratory rate
of 1 Hz is 1.7 min.

Concept of Bloch sorting

The fundamental idea of our fast 7, mapping technique is
based on three key points. First, the increase of SNR using
high flip angles in the gradient echo readouts. Second, the
algorithmic search for an optimal radial sampling pattern
based on Bloch simulations. Third, the image reconstruction
of undersampled data using a KWIC-filtered view-sharing
method.

Due to the very high heart rate in mice (x 450 bpm), only
a few readouts after the spin lock preparation are possible
in the acquisition window of the diastole (=~ 20 ms). Hence,
short repetition times TR (= 5 ms) and only four readouts

per preparation were used. The waiting time for magnetiza-
tion recovery is set by the respiratory cycle (breath gating,
tec ® 1500 ms) and is therefore relatively long. Since this
means that only a small number of acquisitions are carried
out over time, the signal level must be maximized. In this
specific case, the maximum of the averaged signal intensity
S is achieved if appropriately high flip angles are used in
the RF pulse train. Without taking relaxation effects into
account, the optimal flip angle can be calculated as follows:

Ogpy = Arg max [E(a)] = arg max[zzzlsin(a)cos(a)k_l] =4351
o))

By considering typical relaxation times of myocardial tis-
sue (T 0 =40 ms [20], 7, = 1400 ms [32]) and the sequence
timings (TR =5 ms, ¢,..,=1500 ms) described above, the
signal maximum is reached at a slightly different value. In
Fig. 2a the signal of the NR =4 readouts was simulated for
different SL times (t5; =4, 12, 20, 28, 36, 44, 52, 60 ms) by
solving the Bloch equations [33]. In Fig. 2b, the simulation
was carried out for different flip angles and plotted aver-
aged over all SL times and readouts. The signal maximum
is reached at a,, =39.35°. Based on this estimate, we con-
sistently used a =40° for all measurements and simulations
in this study. Since the T, recovery is not complete between
sequence repetitions, we carried out two dummy cycles prior
to the first preparation experiment to prevent increased sig-
nals in the first acquisitions. The high flip angles are advan-
tageous here because the steady-state is reached quickly.

The signal maximization generated using high flip angles
for the readout (@« =40°) has the disadvantage of strong
signal variations after each T, preparation (Fig. 3a). This
would ultimately lead to incorrect T, weighting if all pro-
jections were used equally for the sampling of k-space. A
fundamental idea of our method is therefore to generate a

Fig.1 Sequence design for e B
myocardial T, mapping in w0 «— ECG trigger lt)reitlll (;i(f(:aylsooms
mice. After prospective res- El ec

piratory gating a trigger on the Eo

R-wave has been used followed <

by a dynamic trigger delay and g i

a balanced SL preparation mod- 8

ule [28]. Thereafter, four radial ; delay» spin lock diastole

spokes of the k-space were

acquired in end diastole during 180,, 180,

one heartbeat. This procedure
was repeated in each respiratory
cycle separated by a waiting
time 7, for magnetization
recovery. For each T, weight-

ing, 13 repetitions were used

90+y tSL/4' ts./2 I ts /4 90

balanced spin lock preparation

~~s
~~a
~<
~~
<
~~.
~~.
~~.
.o
~~
~~
~
~~.
~
~~.
~
~~
~<

radial acquisition of k-space

3rd 4th
SL+X
l .- AQ ‘

repeat identical spin lock times:

Nfipo =13

increase spinlock time: Ng =8

@ Springer



328 Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:325-340

(a) a
o =30° a=15°
05 | —o—1stTR -+ 1stTR
—o—2nd TR -4-2nd TR
3rd TR 3rd TR
4th TR 4th TR
04 | —e—mean  --#--mean
T,=1400ms T, =40ms
TR=5ms T, =1500ms

simulated signal intensity [a.u.]

4 12 20 28 36 44 52 60
spin-lock time t 5, [ms]

—_
(=2
~

0.5 |

T,=1400ms |
T:p =40ms 5 a:°p '
04 |- |Tg=5ms .- 2ndTR
Trec =1500ms E 3rd TR
ts, =4...60ms ! rf excitation 4th TR
03 | :

0.2 |

averaged signal intensity [a.u.]

1 1 1 1 1 1 1 1 1L

10 20 30 40 50 60 70 80 90
flipangle o [°]

Fig.2 Optimization of the flip angle for the radial gradient echo read-
out. a Results of the Bloch simulation for two exemplary flip angles.
At low flip angles, the signal intensities of the different readouts differ
only slightly. At higher flip angles, a variation in the signal intensities
is observed. b The plot shows the simulated signal averaged over all
tg;, for different flip angles. For the sequence parameters TR=35 ms,
tree=1500 ms, tg; =4...60 ms and the relaxation times T =1400 ms
and T',=40 ms (typical for myocardial tissue), the mean signal level
§ is maximized for a,,=39.35°. This value strongly depends on the
number of readouts after preparation (NR=4)

smooth variation of signal intensities across k-space using an
optimized sorting of golden angles. For this a Bloch simula-
tion-optimized sampling scheme was developed. The signal
intensity for every acquisition window was roughly pre-
dicted prior to the measurement using the known sequence
parameters (TR, 7,.. and a) and estimated 7' and T, values
of the probe under investigation by solving the Bloch equa-
tions [33]. The results were used to create a sorting (Bloch
sorting) of the predicted signal levels for the corresponding
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acquisition windows (Fig. 3b). The projection angle ¢ was

calculated for each radial readout by linking neighboring

golden angles (111.25°,222.50°, 333.75°, ...) with the cor-

responding Bloch sorting position Ngg (Fig. 3c).

¢ = Nps - L
Vs

%NBS -111.25° (2)
1+

The image reconstruction was performed using an
adapted KWIC-filtered technique [31] (Fig. 3d). Here, the
k-space center for a desired 7', weighting (with desired fg; )
is exclusively selected from the first readout after prepa-
ration. This ensures that the main image contrast of the
specific T, weighted image is provided by the correct SL
time. Since we have 13 (Fibonacci number) radial projec-
tions available for each preparation experiment, the sampling
density in the azimuthal direction is homogeneous and only
two different azimuthal gaps exist (Fig. 3d) [30]. Due to
the Bloch sorting technique, the change in contrast between
neighboring golden angles used for the k-space filling (based
on the KWIC filter) is minimized for the k-space center. The
k-space peripherals were also chosen from other acquisition
windows as well as other T,, weightings. Here, the k-space
was filled in segments according to the Bloch sorting prin-
ciple. In each segment, the total number of projections n
agrees to a Fibonacci number (13, 21, 34, 55, ...) to ensure
a homogenous sampling density. We further ensured that
the Nyquist criterion was met in each region of the seg-
ments (detailed explanation in the supplementary material,
Online Fig. 1). For n projections in a segment, the number
of samples in radial direction n, (k, direction, Fig. 3d) was
linked to the condition n, > 7 - n,. The reconstruction of
the radial k-space data was done using a nonuniform fast
Fourier transform (NUFFT) with an open source software
toolbox [34, 35].

Phantom measurements

All measurements were performed on a 7.0 T small animal
imaging system (Bruker BioSpec 70/30, Bruker BioSpin
MRI GmbH, Ettlingen, Germany) with a maximum gradi-
ent field strength of 470 mT/m. A 35 mm homebuilt quadra-
ture transmit-receive birdcage was used for signal detection.
The phantom used consisted of four cylindrical sample tubes
with a diameter of 17 mm and a length of 120 mm. The
tubes were filled with different concentrations (10, 15, 20,
and 25%) of BSA (Bovine Serum Albumin, Sigma-Aldrich,
St. Louis, MO, USA) resulting in different 7 o values in the
typical range of biological tissue. The sample tubes were
arranged in a quadratic array, which was placed in the iso-
center of the magnet. In the phantom measurements, ECG
triggering of the sequence was deactivated and the recovery

time was fixed to a constant value #,..=5000 ms.
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Fig.3 Concept of Bloch sorting (a—c) and the image reconstruc-
tion technique (d). a The expected signal intensity is plotted ver-
sus the chronological readout number of the acquired spokes. For
Bloch simulation the values 7', =1400 ms, T1P=60 ms, TR=5 ms,
tec=1000 ms, a=40° and tg; =4...102 ms (linear spacing) were
used in the phantom experiments. The colors of the plateaus rep-
resent the different acquisition windows after SL preparation (see
Figs. 1 and 2). The roman numerals indicate the sorting position of
the plateaus. The numbers in gray represent the indices of the golden
angles numbers. b Signal intensity of subsequent golden angles after

To demonstrate the advantages of the Bloch simulation-
based sampling scheme, the image quality and the T,
quantification accuracy were compared with a conventional
sampling scheme using a serial sorting of golden angles for
subsequent readouts (Fig. 3c). In this setup, the projection
angles were not optimized for the expected signal inten-
sity. The remaining sequence parameters for the acquired
T, weighted images were adjusted identical for both sam-
pling schemes: field of view (FOV)=38.4 x38.4 mm?,
slice thickness =1.5 mm, acquired/reconstructed

Bloch sorting. In the ideal case, the curve is monotonically decreas-
ing. The change in contrast between subsequent spokes is minimized.
¢ Bloch simulation-optimized sampling pattern. A projection angle ¢
is calculated for each readout by linking subsequent golden angles to
the sorting position. d KWIC profile for the reconstruction of a T,
weighted image and the corresponding k-space sampling trajectory.
The 13 readouts directly after T;, preparation are used exclusively to
sample the corresponding k-space center. The k-space periphery is
also filled with other weightings

resolution = 128 X 128 pixels, repetition time (TR)=5.0 ms,
echo time (TE)=2.0 ms, bandwidth=75 kHz, flip
angle @ =40°, acquired spokes after SL preparation =4,
tg;. =4...102 ms (8 different, linear spacing), fg; = 1500 Hz.
The calculation of a single 7', map required 104 (13 x8) SL
preparation experiments.

An artifact/SNR analysis was performed to determine
the sampling scheme that achieves the best image qual-
ity with least artifacts, due to the undersampling of the
k-space and the KWIC filter based image reconstruction.
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Therefore, the SNR for every T, weighted image has
been calculated and averaged over all reconstructed
images. The individual SNR values were calculated from
the magnitude images using four signal masks and a noise
mask (Fig. 5) avoiding the edges of the phantoms. The
ratio was built from the mean value within the signal
masks and the standard deviation within the noise mask.
In addition, the coefficient of determination R2, which
represents a measure of the agreement with the mono-
exponential model function, has been calculated pixel-
wise for each fitting process of the T, exponential decay
and was finally averaged to obtain a global R? indicator
for both sampling schemes.

For validation of the T, quantification accuracy
pixel-wise comparisons with a Cartesian SL prepared
turbo spin echo (TSE) sequence were performed, which
serves as the gold standard reference. The TSE sequence
parameters were chosen similar to the radial sequence
and the identical balanced spin lock preparation was
used: FOV = 38.4 x 38.4 mm?, slice thickness = 1.5 mm,
resolution = 128 x 128 pixels, TR =5031.4 ms (including
), TE=7.0 ms, bandwidth =50 kHz, turbo factor=4,
tree =35000 ms, tg; =4...102 ms (eight different, linear
spacing), fg;, = 1500 Hz. T, mapping using the refer-
ence TSE sequence required 256 (32 X 8) SL preparation
experiments. Hence, our new radial T, mapping sequence
is about 2.5 times (32:13) faster than the TSE reference
measurement.

Furthermore, the accuracy of the T, dispersion
quantification was examined by comparing the novel
radial Bloch sorting technique and the TSE reference.
Here, T, mapping was performed for eight different SL
amplitudes (fg; =750...2500 Hz, linear spacing). Thus
8 X 8 x 13 =832 preparation experiments were required
for the radial acquisitions and 8 X 8 X 32 =2048 prepa-
rations for the TSE sequence. For data analysis, circu-
lar regions of interest (ROIs) were drawn at the posi-
tions of the four 7', sample probes. In these ROIs, the
T,, mapping results were compared pixel-wise with the
corresponding values obtained from the TSE reference
sequence. The mean quantification accuracy and its vari-
ance were determined based on the eight mapping experi-
ments. In addition, the 7', dispersion was analyzed using
a linear dispersion model to the eight acquired 7', maps
with various SL amplitudes fg; .

trec

Ty (fsr) = T?p +my, - foL (€)]

The quantiﬁc(z)ltion accuracy of the dispersion offset
Ty, (fo =0) = T, and the dispersion slope m,, was also
investigated by a pixel-wise examination for each sample
tube, identifying its deviation from the corresponding
pixel in the TSE reference.
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In vivo measurements

To check the applicability of our new method in vivo, meas-
urements were carried out in healthy mice. Here the Bloch
sorting scheme was used to quantify the 7', relaxation time
and T, dispersion, since—with respect of the results of the
phantom measurements—the Serial sorting scheme did not
allow a reasonable application in vivo.

The mice (Naval Medical Research Institute, Charles
River Laboratories MA) were imaged in prone position.
The animals were anesthetized with isoflurane inhalation
(1.5-2 Vol. % in oxygen) and were kept at a constant body
temperature of 37 °C. For signal detection the same 35 mm
quadrature transmit-receive birdcage as for the phantom
measurements was used. Two ECG electrodes attached to
the forepaws of the mice were used for ECG triggering and
a pressure sensitive balloon placed on the abdominal wall for
breath gating. All experimental procedures were in accord-
ance with institutional guidelines and were approved by
local authorities.

Myocardial T, mapping was performed in N=10 mice
in a single slice for fg; = 1500 Hz. After a standard planning
procedure using high-resolution cine images, a midventricu-
lar short-axis imaging slice has been selected for the 7',
measurements. The acquisition window was positioned in
end diastole using a variable trigger delay dependent on £ .
The recovery time ¢,.. was chosen dependent on the res-
piratory cycle, which was = 1500 ms. The further sequence
parameters were adjusted similar to the phantom meas-
urements: FOV=32x32 mmz, slice thickness =1.5 mm,
TR =4.7 ms, TE=1.9 ms, bandwidth=75 kHz, a=40°,
acquired spokes after SL preparation =4, acquired/recon-
structed resolution= 128 X 128 pixels, t5; =4...60 ms (eight
different, linear spacing). The in vivo measurement time for
each T}, map was approximately 2.5 min.

For analysis of the best case reproducibility of the radial
Ty, mapping sequence, a series of ten 7, maps with identi-
cal SL amplitudes was acquired in one animal in direct suc-
cession. A global left ventricular ROI has been selected and
was then copied to every repeated T, map. Subsequently,
the mean 7', values as well as the standard deviations have
been calculated at the position of the ROIs. In addition, a
comparative measurement using an equivalent Cartesian
gradient echo readout was carried out in one animal. Here,
fully sampled data sets were acquired for all T, weighted
images, leading to a total measurement time of ~ 6.2 min
for the matrix size of 128 x 128. All T}, maps obtained were
analyzed in a left ventricular segmentation model according
to the American Heart Association (AHA).

Furthermore, a detailed analysis of the T, dispersion was
carried out in one animal. Therefore, eight 7', maps with
different SL amplitudes fg; =750...2500 Hz (eight differ-
ent, linear spacing, 8 X 8 X 13 =832 preparation experiments)
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were acquired. With the acquired data, eight myocardial T';,,
maps and a quantitative 7', dispersion slope map were calcu-
lated (Eq. 3). Finally, the dispersion behavior of myocardial
tissue and the left ventricular blood pool was quantitatively
analyzed. Here the measurement time for the acquisition of
the complete 7', dispersion map was approximately 20 min.

Results
Phantom measurements

The results in Fig. 4 show the measured signal intensities
over the projection angle of the respective readouts. Here,
a good agreement with the predictions of the Bloch simula-
tion (Fig. 3) can be observed. In the case of Bloch sorting,
the intensities were sorted almost perfectly in a descending
manner (98%). Only a few readouts were acquired in incor-
rect order. In the case of Serial sorting fast signal changes
were observed due to the high flip angles used.

Figure 5a shows the results of the artifact/SNR analysis.
The images reveal clearly less artifacts using the optimized
Bloch sampling scheme compared to the standard Serial
sorting method, which is a result of the reduced contrast
differences between acquired subsequent golden angles. The
SNR values averaged over all reconstructed 7', weighted
images were SNRg, i, =17.9 and SNRp,,,=39.3. This rep-
resents a SNR increase of 120% using the Bloch sorting
scheme. The R* map (coefficient of determination, Fig. 5b)
also shows a better agreement with the fitted exponential
T, decay, since the R? values almost perfectly fit the value

(a) measured k-space projections

Serial sorting

B

40—+

0 02 04 06 08 1
abs(k,y) [a.u.]

g 40—+

100 200 300
golden angle number Ngg

Fig.4 Comparison of the measured signal intensities for Serial sort-
ing and Bloch sorting in the phantom experiment. a The k-space pro-
jections (absolute values) are visualized as heatmaps in order of the
corresponding projection angles (golden angle number Ny). b The
signal intensities of the measured k-space centers are plotted versus

1 using Bloch sorting. In the R?> map of the Serial sorting
scheme, certain structural shapes are visible, which might be
caused by the artifacts within the reconstructed 7', , weighted
images. Hence, the R* maps also represents a measure of
potential artifacts. The mean R* values were determined to
be Réerial =0.973 and RzB]och = 0.999.

The resulting T,, maps for both sampling schemes are
shown in Fig. 6a. An improved image quality for Bloch
sorting is also visible here, since fewer streaking artifacts
can be seen in the phantoms. The results of the T, quan-
tification accuracy and precision measurements are illus-
trated in Fig. 6b. The quantification errors compared to
the TSE reference have been determined for the individual
BSA tubes using a pixel-wise evaluation (Table 1). The rela-
tive error averaged over all phantoms was — 4.01 +£5.57%
(mean value + standard deviation) for Serial sorting and
— 0.17+2.79% for Bloch sorting. The optimized Bloch
sorting scheme achieves a considerable improvement in
accuracy (+ 56%) and precision (+ 49%). However, for the
individual tubes, Bloch sorting showed a tendency to slightly
underestimate long 7', times and overestimate short times
(Table 1).

The results of the 7', dispersion investigations are shown
in Fig. 7a. The mean T, values of the four sample probes
are plotted versus the SL amplitude for our radial Bloch
sorting scheme and the reference values obtained from the
TSE measurement (Fig. 7b). The quantification error was
averaged for all SL amplitudes and determined to be
— 0.46 +1.84%. In Fig. 7c the calculated dispersion slope
maps and dispersion offset maps using the linear dispersion
model (Eq. 3) are shown. The obtained dispersion slopes m,,

(b) measured k-space centers

A KWIC-profile
Tongeecestses
l ‘ « Serial sorting
- Bloch sorting
5
8,
©
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(2]
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5 (T
7] .
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the golden angle number Ny. In the case of Bloch sorting the change
of contrast for subsequent angles was minimized. The mean devia-
tion from ideal sorting (monotonically decreasing) was 2%. For Serial
sorting fast signal changes were observed
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Fig.5 Artifact and SNR analysis of the novel Bloch simulation-based
sampling scheme and the standard Serial sorting scheme. a Com-
parison of exemplary T -weighted images of the four BSA phan-
toms. Left column: the images are “normally” scaled (all images
were acquired with an identical tg; and f; combination). Right col-
umn: the scaling of the images is adapted to highlight artifacts. It is
apparent, that Bloch sorting produces much less artifacts than the

Serial sorting technique. The SNR values have been determined to
SNRg1ia=16.7 and SNRp,,.,=44.6 for the images shown. b Com-
parison of R? maps. The R’ values of the Bloch sorting method
almost perfectly fit the value 1, while the other method only reaches
lower values (RZ . =0.973 and R =0.999). Structural shapes
within the R? maps are an indication of artifacts within the recon-

structed Ty, weighted images and a measure of reduced image quality

Fig.6 T, quantification of
Serial Sorting and Bloch Sort-
ing. a Calculated T, maps

of the four BSA phantoms.
Streaking artifacts were clearly
reduced with Bloch Sorting. b
Comparison of quantification
errors using the TSE reference
method. For the individual
BSA tubes, the relative error in
relation to the TSE reference
was pixel-wise evaluated. The
accuracy and precision has been
improved by Bloch sorting for
all phantoms. However, a slight
underestimation (low BSA
concentrations) and overestima-
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Table 1 T}, quantification of BSA R®Serial [0...1] R®Bloch [0...1] AQ Serial [%] AQBloch [%] Improvement [%]

Serial sorting and Bloch sorting concentra-
tion Accuracy Precision
10% 0.974+0.013 0.999+0.001 —-333+£622 —258+2.14 +23 +66
15% 0.962+0.018 0.999+0.001 —1.81+499 -086+2.18 +52 +56
20% 0.986+0.008 0.999+0.001 —-4.71£532 1.07+3.01 +77 +43
25% 0.969+0.015 0.999+0.001 -6.17£5.76 1.68+3.84 +73 +33
Mean 0.973+0.016 0.999+0.001 —4.01+£557 -0.17£279 +56 +49

Comparison of Serial sorting and Bloch sorting in the phantom experiments. The R? values and the relative
quantification errors AQ for the individual BSA phantoms were examined. The results of the TSE sequence
were used as a reference. The improvement in accuracy and precision achieved by Bloch sorting (vs Serial
sorting) was determined by the respective quantification errors
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radial

1750Hz  2000Hz  2250Hz 2500Hz
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® O~

1500 2000
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(b) 120 F TsEI reference ' BSIA concentratiorln =
linear regression _A10%
~— 110 | | ° radial Bloch sorting P e I_
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=
-
(]
£
et A15%
c 3
S
=
X
© ==:420%
[4]
=
25%
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radial Bloch sorting

Fig.7 Comparison of the radial Bloch sorting method with the Car-
tesian TSE reference gold standard. a Results of T, mapping using
different SL amplitudes (fg; =750...2500 Hz). Both methods clearly
show T, dispersion for all BSA probes. b Mean T, values and stand-
ard deviation of the different sample probes plotted versus the SL
amplitude. The calculated T, values of our new method are in good
agreement with the reference TSE values (shaded area, mean =+ std).

and offsets T?p for the different sample probes and the com-

parison with the reference TSE values are listed in Table 2.
The dispersion behavior of the four samples can be clearly
differentiated using our new radial sequence. For the disper-
sion slope a mean deviation of — 1.3% and a maximum

¢ Heat maps of the dispersion offset T(l) and the dispersion slope m,,
calculated using a linear dispersion model (Eq. 3). The results of the
radial Bloch sorting scheme and the TSE reference measurements
are in good agreement and show a comparable image quality. Only at
the edges of the sample tubes, some deviations are visible using the
Bloch sorting scheme. This might be caused by data undersampling
and the KWIC-filtered view-sharing technique

deviation of — 2.8% has been observed. Mean deviation of
the dispersion offset was — 0.2% and the maximum deviation
was — 3.4%. For the dispersion analysis, good agreement
with a linear model could be determined in the range of the
SL amplitudes used. The coefficient of determination of the
linear regression averaged at least 0.993.
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Table 2 Dispersion analysis of

. BSA concentration TSE reference Radial Bloch sorting
the phantom experiments
Dispersion slope m,, [ms/kHz]
10% 12.81+0.35 12.67+0.84 (- 1.1%)
15% 8.42+0.26 8.20+0.50 (— 2.7%)
20% 5.73+0.13 5.80+0.33 (+1.3%)
25% 4.59+0.16 4.46+0.37 (— 2.8%)
Dispersion offset T} po [ms]
10% 82.60+0.63 79.81+1.61 (— 3.4%)
15% 51.51+0.39 51.03+1.41 (- 0.9%)
20% 36.11+0.20 36.50+1.38 (+1.1%)
25% 27.00+0.20 27.63+1.26 (+2.3%)
Coefficient of determination R? [0...1]
10% 0.989+0.004 0.994 +0.003
15% 0.993+0.003 0.996+0.002
20% 0.991+0.004 0.996+0.002
25% 0.991+0.004 0.996+0.002

Calculated dispersion slopes m,,, and dispersion offsets T? of the four sample probes for the TSE refer-
ence measurement and the radial sequence using Bloch sorting. For both methods, the dispersion values
decrease with increasing BSA concentration. The values in brackets represent the percentage deviation
from the TSE reference with a maximum deviation of — 2.8% for the dispersion slope and — 3.4% for the
dispersion offset. The high R? values of consistently >0.98 indicate a very good agreement of the acquired
data with the linear dispersion model

In vivo measurements

The calculated T, maps of the N=10 mice are shown in
Fig. 8. A segmentation of the left ventricle according to
the AHA model was carried out for each map. The results
are listed in Table 3 for all animals (physiological param-
eters in the supplementary material, Online Table 2). Here,

the breathing cycle was 1460 + 154 ms and the cardiac
cycle length was 137.3+5.9 ms averaged over all ani-
mals. The global left ventricular T, was 39.5+ 1.2 ms for
Js.=1500 Hz. Slightly increased T, values could be found
in the segments 3 (41.7 +2.5 ms) and 4 (41.1 £2.1 ms).
The comparison of the Cartesian reference measurement

Fig.8 Results of in vivo T},
mapping in N=10 mice. a
Images of the acquired T,
maps (short-axis view, isotropic
resolution 250 pm) with identi-
cal SL amplitudes of 1500 Hz.
All maps were segmented in the
left ventricle according to the
AHA model. In animal 2, a map
was also calculated from a fully
sampled Cartesian data set. b
The results of the segmentation
are shown in a box plot. In the
segments 3 and 4 the values are
slightly increased. Segment 1
tends to have the lowest values
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Table 3 Results of in vivo T},
mapping in mice

Fig.9 Results of the in vivo
reproducibility measurements.
a Images of the ten repeatedly
acquired 7', maps (short-axis
view, isotropic resolution

250 pm) with identical SL
amplitudes of 1500 Hz. All T,
maps show the same image
quality without any motion,
flow or reconstruction artifacts.
The dashed lines represent the
chosen ROI for data analysis. b
Mean (blue dots) and standard
deviation (black lines) of the
myocardial T}, values of the ten
repetitive measurements. Mean
T, has been determined to
38.52 +0.54 ms (dotted red line
and light red area)

Relaxation time Tlp [ms]

Animal LV AHA 1 AHA2 AHA 3 AHA 4 AHAS AHA 6

1 385+05 364+07 38.6+04 399+1.7 39.6+13 387+06 384+06
2 383+33 363+16 351+15 388+28 385+20 40.5+25 41.9+35
3 379+37 360+20 357+1.8 433+23 41.6+34 364+29 37123
4 405+2.6  385+1.8 399+19 402+27 424+21 418+24 40.6+2.6
5 41.8+4.0 41.0+22 379+19 434+32 453+52 401+21 453+18
6 39.4+32  38.1+x19 392417 439+22 39.1+29 36.6+22 40.6+2.6
7 39.2+25  37.6+24 396+19 420+15 389+24 38.0x1.1 39.1+24
8 404+33 38.0x25 40.6+34 420+3.6 424+26 414+17 38427
9 40.0+3.6 36.6+3.0 39.7+24 46.0+27 425+25 402+26 39.8+17

—
(=)

39.1+£25 383+14 39.6+17 37.8x25 41.0+25 41.1+24 372+24
Mean 395+12  377+x15 38.6x1.8 41.7+25 41.1+2.1 394+19 39.7+24

T, quantification results in N=10 different animals for fg; =1500 Hz. The table shows the results in the
individual AHA segments for T, as well as the mean values in the global left ventricular ROI (LV). In
the supplementary material (Online Table 2) the results of the reproduction study, the comparison with the
fully sampled Cartesian reference measurement and the monitored physiological parameters (cardiac cycle
and breath cycle length) are listed

a6 L| @ T,, mean/std in myocardial tissue

95% confidence interval

relaxation time T1p [ms]
w
[}
1
1

28 [ 1 1 1 ] ] ] ] ] 1
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(37.8 +3.7 ms) with the accelerated radial method
(38.3+3.3 ms) revealed a small deviation of + 1.3%.

In Fig. 9 the results of the in vivo reproducibility study
are depicted. Figure 9a shows the ten repetitive 7', maps,
indicating a very good image quality. There are hardly any
visual differences in the images. All structures are at the
same position and the quantified T, values appear to be
almost identical. A ROI-based analysis of the left ventricu-
lar myocardium shows a mean 7, of 38.52 ms and only a
small variation in the individual T, values with a standard
deviation of +0.54 ms (Fig. 9b). The maximum deviation
observed in the separate experiments was 2.1%.

Figure 10 shows the results of the in vivo T, dispersion
quantification measurements. The 7', maps show a very
good image quality with minimal motion, flow or recon-
struction artifacts. The 7', dispersion map reveals a diagnos-
tic image quality with little blurring at the myocardial bor-
ders. This might be caused by slightly different heart phases
within the underlying 7', maps. The T, dispersion slope has
been determined to 4.76 +0.23 ms/kHz for left ventricular
myocardium and 21.57 +2.56 ms/kHz for the left ventricular
blood pool. The dispersion offset could be determined to be
32.73+0.36 and 48.72 +3.41 ms, respectively.

Discussion

In the current study, we introduced a fast cardiac T, quan-
tification technique that enables high-resolution in vivo
T,, mapping and even T, dispersion mapping in small
animals. The method consisted of three concepts; Signal
maximization using high flip angles, a specially adapted
radial data sampling (which was optimized using Bloch
simulations) and a KWIC-filtered view-sharing technique
for efficient image reconstruction. With these concepts,
an appropriate data undersampling (factor 32:13 = 2.5, 13
preparations for radial sampling, 32 = 128/4 preparations
for Cartesian sampling) is possible requiring only a frac-
tion of the commonly needed data for the acquisition of
T, weighted images.

The optimized radial sequence ensures a high signal-to-
noise-ratio and is combined with a very efficient sampling
strategy that accelerates data acquisition while reduc-
ing the occurrence of artifacts and preventing incorrect
T, weighting. The main reason for this is that the pre-
calculation of the expected signal intensity using Bloch
simulations avoids strong changes in the signal levels of

Fig. 10 In vivo 7}, map-

ping including 7', , dispersion
quantification (short-axis view,
isotropic resolution 250 pm). a
Exemplary T, maps acquired
with different SL amplitudes
(fs. =750 Hz...2500 Hz). The
increase of Ty, with increasing
fsu 1s clearly visible. All T,
maps show diagnostic image
quality without any motion,
flow or reconstruction artifacts.
b Myocardial dispersion slope
map. The image quality is also
good with a slight blurring at
the myocardial borders. The
dashed lines represent the loca-
tion of the chosen ROIs for the
T, dispersion quantification of

1
60 70 80 90 100

myocardium and the blood pool.
¢ Analysis of the dispersion
behavior of myocardial tissue
and blood. The T, dispersion
slopes are 4.76 +0.23 ms/kHz
for left ventricular myocardium
and 21.57 +2.56 ms/kHz for the
left ventricular blood pool
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consecutive spokes. This results in an improved image
quality with minor artifacts and an SNR increase of 120%
in contrast to a conventional Serial sorting scheme of
golden angles. Besides, the optimized Bloch sampling
strategy reveals a higher accuracy and precision of the
calculated 7'y, values compared to Serial sorting. The 7',
quantification accuracy of Bloch sorting has proven in
phantom measurements to be very high with a mean devia-
tion of — 0.46 +1.84% compared to a TSE reference meas-
urement. We observed the largest quantification errors in
the phantom with 10% BSA concentration. Compared to
the other phantoms, this has a much longer 7T o relaxation
time. Here the influence of the KWIC filter could possi-
bly affect the contrasts. As a result, systematically shorter
relaxation times were measured (% — 3%). However, this
shift did not affect the quantification of the dispersion
slope and offset and the T, range of this phantom is hardly
relevant for the characterization of myocardial tissue.

As described by Song et al. [31], the variation of signal
intensities between the radial profiles possibly results in
different relative proportions of high and low spatial fre-
quencies for different weighted images. This effect depends
on the design of the KWIC filter and was examined in the
supplementary material. If the Nyquist criterion is not met
in all regions of k-space (Nyquist factor f, , < 1), under-
sampling artifacts and reduced SNR occur (Online Fig. 2).
Opposed, excessive sharing of different contrasts (f,,,>2)
results in edge blurring and edge sharpening (Online Fig. 3).
As the results in the supplementary material show, the T,
quantification accuracy is also affected by the choice of the
KWIC filter design (Online Figs.4 and 5). However, in the
range chosen in this work (f,,,,=1.1) the accuracy is stable
and only shows systematic errors for the phantom with the
highest relaxation time. Using moderate Nyquist factors
Jayg=1.0...1.5, the influence of the KWIC filter design on
the quantification is small (+0.3%) and can be neglected in
the context of in vivo experiments.

In this work constant high flip angles (40°) were used for
the gradient echo readout. For small flip angles, Bloch sort-
ing can be avoided. However, in a previous work we could
show that the resulting image quality is significantly reduced
using an echo number based sorting and 10° flip angles,
for example [36]. Yet, it is also possible to use ramped flip
angles after the preparation. This could prevent the forma-
tion of signal plateaus and, if the RF pulse accuracy is well
calibrated, the Bloch sorting could be omitted. However,
different 7', , weightings require different ramps, whereby the
first readout must always be carried out using the same flip
angle in order not to impair 7', , quantification.

In the in vivo experiments, a good comparability of the
T, values in the left ventricle could be achieved for different
animals. The 7', values determined at f; = 1500 Hz varied
between 37.9 and 41.8 ms. Musthafa et al. obtained values

in the range 32...38 ms for fg; =1250 Hz and B;=94 T
[20]. The deviation could be explained by the T 0 dispersion,
since, according to basic relaxation theory, smaller values
are expected for decreasing fg; . In addition, a high good-
ness of the mono-exponential 7', fit could be observed in
most of the measurements. The values in the left ventricle
were R?=0.993 on average. The slightly increased T, val-
ues in the segments 3 (+5.6%) and 4 (+4.1%) may have
been caused by partial volume effects, since the wall thick-
ness was also reduced here. However, streaking and blurring
artifacts could also have an impact. The fully sampled Carte-
sian measurement shows a slightly improved image quality
compared to the accelerated radial technique. However, the
quantification in the respective segments is in good agree-
ment (+ 1.9 +£3.3%) and the deviation in the global left ven-
tricular ROI was only + 1.3%. It also needs to be considered
that the cardiac phases were not exactly identical. The cycle
length for the radial acquisition was 131.5 + 1.2 ms and for
the Cartesian measurement 153.2 +0.7 ms. This can also be
seen in the contrast of the blood pool.

The in vivo reproducibility study showed, that our method
enables a high degree of comparability for successive meas-
urements, which is also crucial for dispersion imaging. This
is a consequence of the radial readout that is more robust
against moving tissues and blood flow. However, the main
reason might be the very short measurement time of around
2.5 min. Alternative methods that require longer measure-
ment times can lead to problems in the stability of the animal
under investigation due to variations in the cardiac and res-
piratory cycle. This would require additional compensation
and/or correction mechanisms, which is quite complex and
hampers the practicality of cardiac T, and/or T';, dispersion
mapping.

Furthermore, a new approach for quantifying the disper-
sion behavior was introduced in this work. Due to the high
acceleration of the radial data acquisition, the measurement
could be accomplished in 20 min. In this total measurement
time, only relatively small variations in the physiological
parameters were observed. The mean cardiac cycle length
was 141.5+3.9 ms while the breathing cycle was
1430 +63 ms. In comparison, a fully sampled Cartesian
method would have taken 50 min, potentially leading to
higher variations. The determination of the dispersion slope
m,, and the offset T?p was based on the approach of Yin et al.
[19], in which the difference T ?p —T,(fs) is presented as a
potential myocardial fibrosis index. The calculation of a
slope has an advantage over a differential measurement
because the value is thus normalized. In addition, the deter-
mination of the dispersion slope based on eight independent
T, maps increases the accuracy compared to the previously
described method of Yin et al. [19]. Nevertheless, it is neces-
sary to ensure that the linear range of T, dispersion is not
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exceeded, since it is known from relaxation theory that T 0
dispersion is formally more complex than a linear model [10,
11]. In [19] the range f5; =0...510 Hz was used for disper-
sion quantification, although it was not explained why this
range is particularly suitable. Future studies must therefore
primarily investigate which ranges of SL amplitudes are
most suitable for calculating a fibrosis index.

For the translation of the method to human studies, the
SAR (specific absorption rate) is a limiting factor. In this
study, relatively high SL. amplitudes were used, which show
a low susceptibility to B, inhomogeneities [27, 28]. These
amplitudes are hardly feasible using radiofrequency ampli-
fiers available on clinical scanners, which ultimately limits
routine clinical applications [29]. The concept of Bloch sort-
ing can, however, be transferred, whereby far more read-
outs would be possible after the preparation due to the lower
heart rate in humans. Here the optimal flip angle arises with
significantly lower values, which could possibly be utilized
for SAR reduction.

A drawback of our study is that we are not yet able to
present results in fibrotic myocardial tissue. The quantifica-
tion of the T, dispersion is of particular interest for future
studies. Measurements in the infarct model, in which the
dispersion is to be examined in detail, are planned. Besides,
work is in progress to develop an extension of the sequence
design presented in this study. Here, not only one 7', map
should be acquired in a single scan, but the whole data set
required for dispersion mapping, since separate maps can
ultimately lead to quantification errors due to misregistra-
tion and cardiac motion. For this purpose, an optimization
of the radial sampling pattern is also considered based on
the Bloch sorting principle.

Conclusion

In conclusion, our new T, quantification technique rep-
resents a reasonable tool for cardiac T, mapping and T,
dispersion imaging. The method is feasible for improved car-
diac tissue characterization and possibly enables enhanced
diagnostics for several diseases as it might identify diffuse
fibrosis. Due to its very short measurement time, stability
and robustness, this method might be included in a com-
mon in vivo measurement protocol for small animals without
major difficulty.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10334-021-00951-y.
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