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1 | INTRODUCTION

Purpose: To evaluate the use of magnetic resonance fingerprinting (MRF) for
simultaneous quantification of T, and T7 in a single breath-hold in the kidneys.
Methods: The proposed kidney MRF sequence was based on MRF echo-planar
imaging. Thirty-five measurements per slice and overall 4 slices were measured in
15.4 seconds. Group matching was performed for in-line quantification of 7 and 77.
Images were acquired in a phantom and 8 healthy volunteers in coronal orientation.
To evaluate our approach, region of interests were drawn in the kidneys to calculate
mean values and standard deviations of the 7} and 75 times. Precision was calculated
across multiple repeated MRF scans. Gaussian filtering is applied on baseline images
to improve SNR and match stability.

Results: T} and 7 times acquired with MRF in the phantom showed good agreement
with reference measurements and conventional mapping methods with deviations
of less than 5% for T and less than 10% for T7. Baseline images in vivo were free
of artifacts and relaxation times yielded good agreement with conventional methods
and literature (deviation Ty: 7 + 4%, T;: 6 + 3%).

Conclusions: In this feasibility study, the proposed renal MRF sequence resulted in

accurate T and 77 quantification in a single breath-hold.
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T, T, T; has been achieved simultaneously with different ac-
quisition and readout schemes. Its application is increasingly

Magnetic resonance fingerprinting (MRF) is a promising gaining clinical relevance.'” In MRF, unique fingerprints
method to quantify multiple tissue properties in a single, are generated by a pseudo-random pulse design with varying
time-efficient acquisition. Imaging of the relaxation times flip angles, echo (TE), and repetition times (TR) to generate
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different sets of contrast weightings. These are matched with
precomputed dictionaries containing all relevant combina-
tions of physiological tissue parameters.

The original MRF sequence was based on a steady-state
free precession (SSFP) readout with highly undersampled
spiral k-space readout and remains the most commonly used
approach. Recently, an alternative MRF acquisition was pro-
posed based on a Cartesian echo-planar imaging readout.®
Compared to conventional MRF, MRF echo-planar imag-
ing (MRF-EPI) affords increased robustness against system
imperfections at the trade-off against a reduced number of
baseline images. Furthermore, interpretable baseline images
in MRF-EPI allow monitoring for patient specific artifacts
or motion during the acquisition and facilitates clinical ro-
bustness. In-line reconstruction on the scanner with a fast
group matching algorithm9 allows the integration into clin-
ical workflow.

MRF has become a widely available for neuroimaging
but application to abdominal imaging is limited.'® Especially
MREF is rarely used for renal imaging.

Chronic kidney disease affects around 10% of the world
population and is induced by pathological changes such as in-
flammation, fibrosis, and edema. These process were shown
to increase T1“ and, hence, quantitative renal imaging is clin-
ically relevant for detecting a spectrum of pathologies.u'15
Changes in oxygen supply can be visualized in the blood
oxygenation level-dependent effect, which correlates with
T3, and has been observed to decrease in CKD and kidney
transplants. '

The most commonly used method for renal 7| map-
ping is the modified Look-Locker inversion recovery
(MOLLI),“’zO’21 which is based on an inversion recovery
pulse followed by several imaging readouts. However, the
repeated imaging acquisitions disturb the longitudinal mag-
netization recovery and compromise acquisition acculracy.22
The gold standard technique for 77 quantification is multiple
gradient echo (multi—GRE).23'25

Conventional MRI scans suffer from long acquisition
times. Ding et al have previously demonstrated the clinical
value of simultaneous 7, and T estimation.?® Their tech-
nique was based on EPI readout with inversion recovery (IR)
preparation for 7 and a saturation pulse followed by multi-
ple GRE acquisitions for 77 quantification. Nevertheless, the
low resolution and the long acquisition time for one slice is
outperformed by MOLLI and multi-GRE. Especially, mea-
suring multiple slices in multiple breath-holds increases the
measurement time substantially as 10-30 seconds pauses are
required between breath-holds. However, MOLLI under-
estimates the T, times as well-known from factors such as
magnetization transfer’’ and multi-GRE measurements may
overestimate 77 for long echo times at 3T.8

In this study, we aim to implement a MRF sequence based
on an EPI readout to estimate 7' and T7 times in the entire

kidneys in a single breath-hold. Phantom measurements are
performed to validate the accuracy and precision of the T}
and T quantification for 4 slices and to optimize scan-time
efficiency. Whole kidney in vivo MRF maps are acquired and
compared to the gold standard methods MOLLI and multi-
GRE to study the feasibility.

2 | METHODS

2.1 | Sequence parameters

All measurements were performed on a 3T MRI scan-
ner (Magnetom Skyra; Siemens Heathineers, Erlangen,
Germany) with a 28-channel receiver coil array and shared
the following common imaging parameters: FOV =
380 x 380 mm?, matrix size (base resolution) = 256 X 256
(1.5 x 1.5 mm?), slice thickness = 5 mm. The proposed MRF
method was based on® with the following specific param-
eters: bandwidth = 1148 Hz/px, GRAPPA-factor 3 with 36
calibration lines, partial Fourier 5/8, fat saturation, and vary-
ing flip angle a (17-43°), TE (16-76.5 ms), TR (383-625 ms)
as shown in Figure 1. TE and TR are depicted as the same
line (gray) because they are proportional to each other, only
minimal and maximal values are different. Additionally, T}
maps were generated using a 5(3s)3 MOLLI* scheme with
the same common parameters and bandwidth = 1085 Hz/px,
GRAPPA-factor 2, partial Fourier 6/8, and flip angle 35°.
T; maps were generated using a multi-GRE sequence with
the same common parameter and bandwidth = 390 Hz/px,
GRAPPA-factor 2, partial Fourier 6/8, and flip angle 18° with
12 different TEs varying from 1.7-40 ms.

2.2 | Dictionary

The dictionaries were generated by Bloch simulations off-line
using MATLAB (The MathWorks; Natick, Massachusetts).
The evolution of the magnetization was simulated with BT
compensation by a scaling factor for the excitation flip an-
gles” and pattern matching is performed using the magnitude
data. A group matching algorithm was implemented based
on the method by Cauley et al®® where the full dictionary
is divided into multiple small dictionaries. The mean value
of all small dictionaries is written in an additional look up
table (LUT). The measured signal is matched with the LUT
containing the mean values and the best matching groups
are chosen to fully correlate with the measured signal. The
best matching groups were precomputed by correlating the
LUT containing the mean values with itself and sorted by the
correlation values. For every group, the sorted best match-
ing groups were written in an additional LUT. The full dic-
tionary was splitted into 4682 smaller dictionaries (groups)



HERMANN ET AL.

FIGURE 1
signal for all 35 measurements. On top,
the varying a (17-43°), TE (16-76.5 ms),
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containing 15 entries each. 200 of these groups were used
to match the pixelwise signal which were preselected by the
LUT containing the mean of every group. The full dictionar-
ies consisted of 70,236 entries with 7, ranging from 100 to
3500 ms, 77 from 10 to 2000 ms with increasing step size and
flip angle efficiency (BT) from 0.7 to 1.2 with a step size of
0.1. All entries with T} < T were discarded. The calculation
of the dictionary took less than 10 minutes. Parameter maps
were reconstructed in-line on the scanner.” Inversion pulses
were assumed to be ideal (180°) with no 77 decay during the
pulse. Multi-threading was used to simultaneously match
multiple slices at the same time for efficient postprocessing.

2.3 | Phantom experiments

Phantom measurements were performed to evaluate accu-
racy and precision of the MRF sequence compared to ref-
erences measurements. Inversion-recovery turbo spin echo
was performed for 7', quantification with TI = 100, 200, 500,
1000, 2000, 3000, 5000, 10000 ms, TE/TR = 12/10000 ms,
turbo factor = 16, FOV =320 x 320 mm?, matrix size (base
resolution) = 256 x 256 (1.3 x 1.3 mm?), slice thickness =
5 mm, bandwidth = 1085 Hz/px. Multi-GRE was performed
for T;‘ quantification with 28 contrasts within TE = 2-50 ms,
FOV =320 x 320 mm?, matrix size (base resolution) = 256 X
256 (1.3 x 1.3 mm), slice thickness = 5 mm, bandwidth =
390 Hz/px. MRF was performed with the common sequence
parameters. In total, 100 baseline images with different con-
trast weighting were acquired to calculate the parameter
maps yielded by an increasing amount of measurements
to study the convergence of the parametric maps. Hereby,
the scheme of varying flip angles, TE and TR is repeated

after every 35 measurements. The MRF maps were acquired
10 times for studying precision and reproducibility com-
pared to MOLLI and multi-GRE and reference IR and GRE.
Precision was calculated by taking the standard deviation
of the difference of every measurement to their mean. The
phantom consisting of tubes was generated using 12 differ-
ent mixtures of water, agarose and NiCl, as recommended
by Captur et al.’! The whole phantom was submerged in
water to reduce susceptibility artifacts.

2.4 | Invivo experiments

In vivo measurements were performed in 8 healthy volunteers
(6 male, 22-33 years old) to study the feasibility compared to
commonly used methods as MOLLI for 7} and multi-GRE for
T3 quantification. All breath-holds were performed in end-
expiration. MRF, MOLLI, and multi-GRE were performed
using the parameters as described in the previous section.
Coronal slices were chosen as imaging planes.

Medulla and cortex were semi-automatically segmented
using MATLAB (The MathWorks; Natick, Massachusetts).
T, and T} mean and standard deviations were calculated
for all slices in the medulla and cortex, and all MRF mea-
surements were registered using a 2D affine transformation
using MATLAB (The MathWorks; Natick, Massachusetts).
Ten MRF scans were performed to analyze precision of
the measurements. Gaussian smoothing was performed on
MREF baseline images to improve the matching process and
therefore the parameter map quality. The Gaussian filter was
implemented in-line on the scanner before the group match-
ing. For this, the magnitude images were convolved with a
Gaussian filter G(i, j) with kernel size n = 5 as follows:
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with I* the filtered pixel, / the image pixel, 62 the variance.

3 | RESULTS

3.1 | Phantom

Figure 2 shows the evolution of the matched 7| and T3
times for the match process with an increasing amount of

measurements for 3 different tubes. More than 20 measure-
ments were needed for convergence of T and T2*. Thus, 35
measurements were used as a standard for the MRF acquisi-
tion. Deviations in 7' and T times of less than 5% and 10%
were achieved which are comparable to MOLLI and multi-
GRE. Standard deviations for 77 were lower than for multi-
GRE. Scan time was reduced by a factor of 8 for the 4 slices
compared to MOLLI and multi-GRE (8 measurements) con-
sidering 1 MRF acquisition providing both parameter maps
with similar accuracy and precision in a phantom. Figure 3
depicts the T and Ty map for MRF, MOLLI/multi-GRE and
the reference IR and GRE of one representative slice.

Figure 4 shows in the top panel (A,C) the measured 7}
plotted against the reference 7' for MRF (blue) and MOLLI
(yellow) in (A), and the measured T for MRF (blue) and
multi-GRE (orange) to the reference 75 in (C). Reference
IR and GRE are depicted as a black line and the gray area

FIGURE 2 Convergence of the
--- Reference , . .
3000 = Tube 1: Ty = 1675 ms, T: = 114 ms matched T, and T parameters for increasing
=Tube 2: Ty = 1286 ms: Tz* -88ms measurements. Three different tubes are
B —Tube 3: Ty =757ms, T;=50ms depicted with high (blue), medium (orange),
.% 2000 ! and small (yellow) T and T; values. For
= 1 — more than 20 measurements, the matching
1000 converges to the reference value. The
! colored shaded areas show the standard
0 _ deviations of the corresponding matched
relaxation times
200
@ 150
E /
' 100 ¢
50 11
” [ 1L measurements [#] / time [s]:
10 20 30 40 50 60 70 80 90
3.8 8.3 13.0 174 215 246 301 348 41.0
MRF MOLLIVGRE Reference
—12000
= 009 | 150
E | 1000
-
= 500
0
150
) 1100 FIGURE 3 Representative
|§| quantitative T (top) and T (bottom) maps in
the phantom witl tubes. MRF on the left
[ 50 he ph ith 12 tub he lef
side, MOLLI/multi-GRE in the middle, and
0 the reference IR and GRE on the right side
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illustrates 5% deviation to the reference. MRF T times show
less than 5% deviation compared to the reference. T devia-
tions vary between 4% and 10%. The corresponding Bland-
Altman plots are shown in the bottom panel (B,D). MRF yields
higher standard deviations than MOLLI between 25 ms for
small 7 and up to 75 ms for higher 7, times, whereas MOLLI
has standard deviations less than 40 ms for all 7 times. On
the right panel (D), MRF T7 times show smaller deviations
than multi-GRE with maximum standard deviations of less
than 10 ms, whereas multi-GRE shows standard deviations
up to 15 ms.

Reproducibility and precision was evaluated by measur-
ing the MRF sequence 10 times. Interscan variability for T}
was less than 10 ms and for 77 less than 1.5 ms for all slices.

3.2 | Invive

Figure 5 shows representative 7} and 7 maps of 4 slices for
one volunteer compared to the reference MOLLI and multi-
GRE in coronal slice. Standard deviations of the 77 maps
were similar compared to multi-GRE but MRF showed con-
sistent higher 77 values. Mean MRF T times were 35.2 ms +
5.6 ms and multi-GRE times were 30.3 ms + 6.4 ms in the
medulla and 54.7 ms + 7.8 ms and 50.4 ms + 7.2 ms in the
cortex.

MRF T, times showed higher standard deviations and
similar mean values compared to MOLLI. In the medulla,
mean MRF T, times were 1921 ms + 182 ms and for MOLLI
1950 ms + 146 ms, and in the cortex, mean MRF T, times
were 1456 ms + 126 ms and for MOLLI 1432 ms + 81 ms.

In vivo precision of T} acquired with MRF was 31 ms in
the medulla and 65 ms in the cortex. Precision of 77 in the
medulla was 1.4 ms and 1.8 ms in the cortex.

Ghosting artifact were alleviated using large FOV ac-
quisitions and scan time was 15.4 seconds within one

average with reference [ms]

breath-hold. Online reconstruction on the scanner took less
than 30 seconds.

Figure 6 shows the influence of Gaussian filtering on the
correlation value, T) and T maps. As an example, a subject
with noisy baseline images is shown. A fair compromise be-
tween sharp contours and edges and reduction of noise was
obtained for ¢ = 0.7 which is shown in Figure 7 where the
correlation value, T} and T2* with respect to the variance of
the smoothing filter are depicted. The correlation values in
the cortex were greater than 0.99 for ¢ = 0.7 and greater than
0.97 for o = 0. On the bottom panel, the corresponding cor-
relation value, T and T3 is depicted over the variance for the
cortex (blue) and the medulla (yellow). The standard devia-
tion decreases for increasing variance of the Gaussian filter
without changing the mean value of T; and 7.

4 | DISCUSSION
This study demonstrates the feasibility of using an EPI-
based MRF method to quantify the 7| and 73 times in
the kidneys covering 4 slices within one breath-hold. In
phantom, good accuracy and precision was achieved with
standard deviations comparable to MOLLI and multi-GRE
as shown in previous publications.8 MREF yielded accurate
results for all T, times, whereas MOLLI lacks accuracy for
long T, times due to magnetization transfer.?” Fast and sta-
ble convergence of the parameter maps were achieved for
increasing number of measurements. MRF using 35 meas-
urements was a good compromise between scan time and
parameter map quality. The shapes of the tubes were dis-
torted by the EPI echo train due to inhomogeneities in B
and eddy currents, which induce inaccuracies in gradient
amplitudes.Sz’33

In vivo scans yielded reproducible and accurate param-
eter maps comparable with MOLLI and multi-GRE with
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FIGURE 5 Exemplary baselines
image, T}, T;, and BT maps for 4 slice of
the MRF, MOLLI, and multi-GRE in the
kidneys in coronal view

FIGURE 6 Top panel shows the
baseline images with different variances of
the Gaussian filter with a kernel size equal
to 5. Correlation maps depict the matrix
multiplication of the matching process
which should be equal to 1 for a perfect
match. 7} and T; maps are depicted to
visualize the effect for different variances on
the baseline images
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slightly overestimated T, and 7 times and higher standard correction®® were recently published, which all have the po-

deviations than MOLLI. T} map quality was similar to multi-
GRE. T, times showed larger intersubject variation and me-
dulla 7; MOLLI and MRF values were higher than in the
literature,' "3

Quantitative diagnosis requires a clear separation of dis-
eased and healthy kidneys. Sensitivity is thus determined by
the underlying pathological alteration and the precision of
the measurement technique. Major variations are observed
in diseased kidneys (CKD) by increased T, times of over
150 ms (10%) in the cortex, but just around 50 ms (5%) in
the medulla and increased 77 times of around 3-5 ms (10%)
in the medulla and cortex." Therefore, with the precision of
the MRF parametric maps of around 30 ms for 7, and less
than 2 ms of T3, we assume that it is possible to identify
pathological changes induced by CKD with our proposed
method.

We based our sequence of the EPI-MRF as fully sam-
pled baseline images which is beneficial in clinical routines.
This and the fast group match reconstruction in-line on the
scanner enables the possibility to change imaging parame-
ters such as the FOV during the clinical workflow based
on patient size and position to overcome ghosting artifacts.
Compared to conventional MRF methods using unbalanced
SSFP sequences, our MRF method was resilient to banding
artifacts and incomplete gradient re:focusing.34’35 However,
rapid acquisitions require a trade-off against noise resilience.
Therefore, we analyzed the impact of Gaussian filtering on
the baseline images. This improved the image quality of the
T, and T3 maps and reduced the standard deviation without
changing the mean value. The correlation value of every
pixel was increased meaning that the matching process is
more accurate.

MRF EPI has the drawback of potential motion during
the readout, therefore complete baseline images can be used
easily for motion correction in post-processing. Slice track-
ing based on navigators can be used to port the method to
free-breathing and is subject of future research.

The image quality of the MRF parameter maps is
highly dependent on the image quality of the baseline im-
ages. Therefore, improving the EPI baseline image quality
was shown to improve the MRF map quality. Reduction

of ghosting artifacts,*®’ Nyquist artifact,®* and motion

tential to improve the image quality of the proposed MRF
method. Despite advanced shimming, field inhomogeneities
disturb the k-space echo train and therefore lead to geometric
distortions.*"** Gain in SNR could be achieved by using a 3D
EPI readout when imaging with high resolution at the cost of
increasing minimal TE.*** Novel MRF reconstruction meth-
ods including deep learning can be used for accelerating the
reconstruction and obtain more stable matching progress.45 49
Optimizing the pulse sequence by a better choice of the flip
angle, TE, and TR may further decrease the noise as pub-
lished re(:ently.50

This study has some limitations. Despite the nominally
high spatial resolution, the effective resolution is lower due to
the use of Gaussian filtering. The Siemens scanner treats the
missing k-space lines by zero filling. Additionally, without
using 5/8 partial Fourier, the maps are worse due to the longer
TE. For this kidney MRF sequence, it was essential to push
the TE as short as possible to overcome blurring. However,
5/8 partial Fourier reduces the lines in k-space and therefore
further widens the point spread function. Susceptibility arti-
facts due to the air in the lung disturb the parametric MRF
maps compared to the reference methods, which is widely
known as EPI distortion. Therefore, distortion correction
may improve the image quality.SI’52

A small number of volunteers were measured with rela-
tively low fat content and all young in age. Higher fat con-
tent and incorrect breath-hold will significantly reduce the
SNR. Larger cohorts in different age groups and patients with
CKD or kidney transplants are needed to further evaluate the
proposed sequence and to implement the kidney MRF in the
clinical routine.

5 | CONCLUSIONS

In this study, we have shown the feasibility of an EPI-MRF
sequence for simultaneous quantification of 7 and 77 in the
kidneys during a single breath-hold using 4 slices. Using sin-
gle shot imaging and in-line reconstruction on the scanner
system enables to monitor the baseline images while scan-
ning to correct for patient specific artifacts in clinical work
flow.
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