
Contents lists available at ScienceDirect

Magnetic Resonance Imaging

journal homepage: www.elsevier.com/locate/mri

Case report

Effect of spiral undersampling patterns on FISP MRF parameter maps

Gregor Körzdörfera,b,⁎, Josef Pfeuffera, Thomas Klugea, Matthias Gebhardta, Bernhard Henselb,
Craig H. Meyerc, Mathias Nittkaa

a Siemens Healthcare, Erlangen, Germany
b Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany
c Departments of Biomedical Engineering and Radiology, University of Virginia, Charlottesville, VA, USA

A R T I C L E I N F O

Keywords:
Quantitative MRI
Magnetic Resonance Fingerprinting
Spiral imaging

A B S T R A C T

Purpose: Artifacts arising from undersampling are not always treatable as incoherent noise for the pattern
matching process in Magnetic Resonance Fingerprinting (MRF). To estimate the effect of undersampling artifacts
on MRF quantitative results, spiral sampling trajectories and their temporal variation is examined.
Methods: The effect of sampling trajectories and their variation during the MRF experiment was assessed by
characterizing aliasing artifacts. Temporal rearrangements of sampling trajectories were tested and evaluated in
simulations and scans of phantoms and in a volunteer brain.
Results: Results show that some temporal variations of sampling patterns can lead to spatial biases in MRF
parameter maps. Observed effects are consistent with derived performance indicators for different interleaving
schemes, leading to substantially improved MRF sampling patterns.
Conclusion: With the help of the presented simulation framework, MRF implementations can be investigated and
improved. This was demonstrated for a spiral FISP (Fast imaging with steady-state free precession) MRF im-
plementation, where a significantly improved interleaving scheme was identified, and confirmed by experiment.

1. Introduction

Routine clinical MRI involves creating anatomical images of dif-
ferent tissue contrast. Pathologies and tissue changes can be assessed
because they show up with a different brightness in the image. Most
common image contrasts are determined by the longitudinal (T1) and
the transverse (T2) relaxation times of tissues. For multiple reasons it
would be attractive to directly measure the relaxation times, i.e. to
replace the relative image brightness by a quantitative and reproducible
parameter. Several techniques have been developed to measure re-
laxation times but long scan times and high sensitivity to confounding
factors have prevented them from widespread clinical use [1].

Magnetic Resonance Fingerprinting (MRF) tries to overcome these
drawbacks by employing a technique that directly measures both re-
laxation parameters in a single experiment in an efficient way. Instead
of sampling exponential signal decay, a pseudo-random excitation
pattern generates a non-steady-state signal. These signals can be as-
signed to relaxation times by comparing them with a physical signal
model. MRF is mainly implemented by using gradient echo sequences,
such as TrueFISP (True Fast imaging with steady-state free precession,

2), FISP (Fast imaging with steady-state free precession, 3) or combi-
nations of FISP and FLASH (fast low angle shot, 4). The comparison
with the physical model is done by comparing the acquired signals with
a pre-computed set of simulated signals which is called a dictionary
[2–4].

MRF acquisitions can be substantially shortened by means of spatial
undersampling. Established techniques for undersampling in MRF are
single-shot spirals [2,3] and radial [4] scanning. In principle, every
undersampling strategy including conventional Cartesian sampling
using GRAPPA (GeneRalized Autocalibrating Partial Parallel Acquisi-
tion), SENSE (Sensitivity Encoding), partial-Fourier or elliptical scan-
ning can be utilized. The undersampling factors can be considerably
higher than the ones applied in conventional MRI. The basic assump-
tion underlying fast MRF is the hypothesis that a spatial undersampling
scheme leads to incoherent aliasing artifacts in the time domain. Ac-
cordingly, the pattern matching process is assumed to be unaffected by
these artifacts [2]. Originally, a simple ascending reordering was used
for MRF. Here, a limited number of spirals n is generated by rotating an
initially designed spiral. For every data acquisition, the spiral is rotated
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by an angle =

°

α n
360 [2,3,5,6]. Other MRF implementations use a

golden-angle increment for rotation of the spirals [7,8]. To improve the
parameter map quality, the MRF data can also be reconstructed using
iterative or low-rank methods [9–12].

The presented work aims to study the effect of interleave order on
aliasing artifacts and resulting quantitative maps in a prototype FISP
MRF implementation applying single-shot spiral sampling. Experiments
were performed on phantoms and compared to results from numerical
simulations. With insights gained and further theory derived from these
experiments, in-vivo spiral FISP MRF measurements in the human brain
could be significantly improved, compared to the originally proposed
ascending order of spirals. Preliminary results from this work have been
published in abstract form [13,14], and some of the methods have been
submitted as a patent application [15].

2. Materials and methods

For all simulations and experiments in this work, a prototype FISP
MRF implementation, based on the signal encoding scheme from Jiang
et al. [3], was used. This implementation is briefly described in the
following section.

After the application of an adiabatic inversion pulse, a train of slice
selective RF pulses with varying flip angles and repetition times (TR) is
applied. In contrast to conventional MRI, MRF encoding schemes are
designed to yield non-steady-state signals exhibiting well differentiable
temporal characteristics with respect to spins with different relaxation
rates. Each TR encodes one image with a short spiral read-out of ap-
prox. 6 ms, resulting in a series of strongly undersampled images.

For the experimental and theoretical investigations in this work, a
train of 3000 RF pulses was used. A base TR of 12ms was chosen with
an additional TR increment changing from echo to echo as in [3]. Two
different spiral trajectories were used to sample the two-dimensional k-
space, one with a dual-density design [16] and the other one with
constant density. The dual-density spiral was designed for a field of
view of 300mm, a matrix size of 256 and an undersampling factor of 24
in the center of k-space with a transition to 48 in the peripheral regions
of k-space. A constant-density spiral was designed for a FOV of 400mm
and a matrix size of 352 with a constant undersampling factor of 48.
Spiral trajectories were corrected using the generalized eddy-current
model by Tan and Meyer [17].

In order to produce undersampling artifacts varying in the time
domain, 48 spiral interleaves were generated that are rotated versions
of the original spiral interleaf. Each of the 48 spiral interleaves is ro-
tated by an angle φ=i ∗ 360/48° against the original spiral interleaf
(i=0), where i ∈ {0;1;…;47} denotes the index of the spiral interleaf.

To constrain the problem, focus was placed on recurrent interleaf
reordering (ILR) patterns with the length of 48. The straight forward
approach is to use a simple ILR such as [0;1;2;…;47] which is called
ascending mode, or similarly the descending mode [47;46;45;…;0].
Furthermore, it is possible to define interleaf reorderings, which apply
an index increment of consecutive spirals. These are called STEP-x ILRs,
with x denoting the index increment of consecutive spirals. For ex-
ample, STEP–1 is identical to ascending mode, STEP–2 is [0;2;4;6;…],
and STEP–24 is [0;24;1;25;…]. The index is incremented by 1 when a
previously used interleaf index is reached, in order to use all indices. As
an additional parameter, the starting index (ILR offset) of the first spiral
interleaf that is played out was varied.

‘Sinc’ shaped RF pulses with a time-bandwidth product of 8, dura-
tion of 2000 μs and a slice thickness of 5mm are used for excitation
except for the adiabatic inversion pulse. To mitigate the influence
arising from inhomogeneities of the transmit RF field B1+ [18,19], a
B1+ correction was applied. Here a B1+ prescan [20] is acquired, and
the relative B1+ value determines a subdictionary for the matching
process, calculated with the corresponding relative B1+. This method is
similar to previously reported prescan-based B1+ corrections for MRF

[21,22].
The impact of the different sampling trajectory implementations on

MRF parameter maps can be investigated by performing simulations
using the spatial response function (SRF) [23]. While the point spread
function describes how signal from one pixel is distributed to other
pixels, the SRF describes how signal in one pixel is collected from other
pixels. Each pixel's signal was computed by multiplying the signal map
and the pixel's SRF. A two-dimensional digital phantom incorporating a
B1+ map and coil sensitivities derived from a scan of a real phantom
was used, neglecting other possible influences on the signal. The real
phantom was an oil-filled sphere to minimize dielectric effects on the
transmit field. Relaxation times of the oil were determined by spatially
averaging results over the homogenous phantom from an MRF scan.
MRF scans were acquired with both spiral trajectories and different
spiral interleaf reorderings and compared to the corresponding simu-
lated MRF parameter maps. All data were acquired on a 3 T whole-body
scanner (MAGNETOM Skyra, Siemens Healthcare, Germany).

STEP-x spiral ILRs were also tested on a human head-shaped
phantom filled with agarose. The signals resulting from the experiments
were compared to the non-undersampled signal, which was approxi-
mated as the fingerprint with the mean T1 and T2 relaxation times over
the phantom. A subtraction of the measured signal from the best-
matching dictionary entry yields the residuals for every pixel caused by
aliasing. Since the spiral reordering is repeated every 48 echoes, the
residuals can be divided into segments, each 48 time points long and
plotted one above the other. This procedure was done for several ILRs,
and the mean value over the segmented residuals of each ILR was
calculated. A Fourier transform of the mean of the segmented residuals
reveals their frequency composition. Rearranging the mean of the
segmented residuals by index of the spiral interleaf leads to spiral-in-
terleaf-specific aliasing noise rather than temporal aliasing noise.

Furthermore, the mean residual per spiral interleaf for each pixel
can be rearranged in a specific order similar to the STEP-x patterns,
which leads to an artificial residual pattern. This approach provides an
easier means for analyzing the characteristics of residuals without the
need for measuring with different spiral ILRs. Frequency analyses of
these artificial residual patterns were carried out for all STEP-x ILRs,
and a score for estimating the effects on pattern matching was in-
troduced. The sum of squares over the pairwise differences of the
spectra of fingerprints was taken on the exhaustive dictionary. The
result characterizes the fingerprints' frequencies contribution to the
encoding of tissue parameters. This spectrum was used as a weighting
function for the spectra of the residuals. The residuals' frequencies are
thus weighted according to their contribution to the encoding of tissue
parameters. The hypothesis underlying this score is that residuals
consisting of different frequencies than the ones contributing to the
encoding of tissue parameters have a vanishing correlation with all
dictionary atoms, whereas other frequency residuals potentially distort
the signal in a way that the pattern matching results are biased.

A further experimental criterion for evaluating the effects of a re-
ordering mode upon spatial biases is to compare two parameter maps
from acquisitions with the same reordering mode. The two acquisitions
differ only in the starting point of their reordering. One starts at index n
and the other one at n+24, yielding maximum phase difference of
residuals. Resulting difference maps should be zero if the reordering
scheme is well suited i.e. the result does not vary in spatial position.

ILR schemes were tested and evaluated regarding the criteria de-
scribed above. The pattern performing best was also tested in vivo on a
volunteer brain and compared to the conventional STEP-1 ILR schemes.
The data from in vivo acquisitions were also reconstructed using AIR-
MRF [11], a method for iterative reconstruction of MRF data that em-
ploys fingerprint compression, additional spatial regularization and
FLANN [24,25], an accelerated dictionary search methods. One tree
was used for FLANN and leaves to check was set to 512 and ten itera-
tions were used for AIR-MRF.
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3. Results

Fig. 1 displays resulting parameter maps from simulated spiral MRF
on the oil-filled sphere. For comparison, the parameter maps from real
MRF experiments on the phantom are also depicted in this figure. With
ILR STEP-1, shading can be observed in parameter maps, especially the
T1 maps, with both spiral variants. When using the ILR STEP-11, this
effect is largely mitigated. The T1 maps acquired using a single-density
spiral and ILR STEP-11 show a remarkable spiral-like pattern, which
can be reproduced with the simulations. Shading is also visible in the
T2 maps, but since T2 map errors are also influenced strongly by B1
inhomogeneities [6,18,19] and noise, they are harder to reproduce by
simulation. Nevertheless, the artificial T2 maps from simulations show
a similar pattern to those from MRF experiments.

Results from subtracting true and measured signal are exhibited in
Fig. 2. Fig. 2a) illustrates how this is carried out in detail. One pixel in
the phantom was analyzed using acquisitions with different interleaf
reordering schemes (Fig. 2b)–e)). The residuals were reordered by
index of the spiral interleaf instead of a temporal order, and the mean
residual for each spiral interleaf was calculated (Fig. 2f)). These spiral-
interleaf-specific mean residuals from MRF acquisitions with different
ILR schemes deviate very little from each other.

Calculating a pixel-specific mean residual curve was repeated for all
pixels in the phantom. Since this mean is independent of the reordering
scheme and mainly depends on the spiral interleaf, the mean residual
curve of each pixel can be rearranged by ILR patterns. A Fourier ana-
lysis of the artificially reordered residuals reveals the ‘residual spectra’.
Weighting the resulting spectrum by a function which frequencies
contribute to the encoding (Fig. 3b)) gives a metric that is called
weighted frequency score. Frequencies are weighted according to their
contribution to the encoding of tissue parameters. The resulting mean
score of all pixels within the phantom for STEP-x interleaf reorderings is
depicted in Fig. 3c).

The findings can be transferred to MRF measurements of the human
brain. Parameter and difference maps are depicted in Fig. 4. STEP-11
parameter maps with offset 0 and 24 and the corresponding difference
maps exhibit almost no spatial biases, whereas both STEP-1 difference
maps show a strong bias that is rotated with ILR offsets. With AIR-MRF
the artifacts when using STEP-1 are significantly reduced compared to
the conventional reconstruction. STEP-11 acquisitions with AIR-MRF
exhibit the smallest difference between offset 0 and 24. T1 values of all
parameter maps in four ROIs in the brain, and corresponding T2 values
are displayed in Table 1.

4. Discussion

Parameter maps of the oil-filled sphere resulting from simulations
show similar spatial biases as the actual measured maps. This result
demonstrates that the biases in MRF parameter maps are mainly in-
fluenced by the reordering of aliasing artifacts rather than other po-
tential factors, such as signal deviations by eddy currents, which were
not incorporated in the simulation. FISP MRF implementations are not
as sensitive to deviations of expected gradient moments as TrueFISP
[2,26] implementations, since FISP does not require fully balanced
gradients at the end of each TR.

The residuals of different reorderings in the phantom experiment
are repetitive: when reordering the mean of the segments per ILR by
spiral interleaf index, almost the same curves are generated for the four
ILR patterns tested on the phantom. Within the scope of our experi-
ments, the spiral-interleaf-specific residuals dominate all other sources
of signal errors and are almost uninfluenced by ILR patterns.

Comparing these results to the weighted frequency score (Fig. 3) of
the STEP-x reorderings reveals that the occurrence of spatial biases in
parameter maps in the homogenous phantom corresponds to the fre-
quency spectrum of the aliasing artifacts. For this phantom, the best
STEP-x reordering was found to be STEP-11. This reordering also

Fig. 1. Parameter maps of an oil-filled sphere calculated from simulated and measured MRF acquisitions. Left side shows results for the dual-density spiral, right side
for the constant-density spiral. a) b) c) d) are T1 maps from ascending (STEP-1) reordering mode and e) f) g) h) the respective T2 maps. i) j) k) l) are T1 maps from
STEP-11 reordering mode and m) n) o) p) the respective T2 maps.
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produces the residuals with the fewest frequencies contributing to the
encoding of tissue parameters. This finding can be explained by con-
sidering the design of the fingerprints. The signal in FISP MRF is de-
signed to vary slowly and subsequently to have a low frequency. High-
frequency residuals as produced by the STEP-11 scheme exhibit a lower
correlation with the dictionary atoms as compared to the low-frequency
residuals produced by STEP-1. This finding is similar to a study where
spiral interleaves were reordered to minimize the influence of motion
on dynamic imaging [27]. In this work, spiral interleaves were re-
ordered, such that the alias-free region of the PSF is effectively enlarged
for low and intermediate frequencies while sacrificing the high fre-
quency alias-free regions.

Strong biases occur mainly in T1 maps. As the MRF sequence applies
an inversion pulse in the beginning, the sensitivity to T1-related signal
changes is very high in this early phase of the experiment. In an in-
tuitive picture, a shift of residuals with low frequency and with a dis-
tinct minimum may cause a shift in time of the first zero crossing of the
transverse magnetization and therefore significantly affect the T1
match. Whether the effect appears depends on the signal time course
itself but also on the spatial location, which explains the observed ar-
tifact patterns within the object.

Our findings from the homogenous phantom were transferrable to
in-vivo brain measurements. A pronounced spatial bias with the STEP 1
reordering can be mitigated with other STEP ILR schemes, where STEP-

Fig. 2. a) True (fully sampled) and measured undersampled signal from one pixel (excerpt of the whole temporal signal course). Dashed green vertical lines are
shown every 48 echoes. The subtraction of measured and true signal, which is the residual is divided in these sections. In each of these sections the Reordering is the
same. b) to e): Residuals from subtracting true and measured signals for several reorderings. Since the reorderings are recurrent, residuals are plotted one above the
other. For simplicity, only the real part of the residuals is shown here; a similar behavior can be observed for the imaginary part. b) ascending (STEP-1) reordering, c)
descending (STEP-(-1)) reordering, d) alternating (STEP-24) and e) STEP-11 reordering. f) shows the mean real value of the 48-time-point-long residuals for each
reordering. The residuals are plotted against the spiral interleaf angle. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. a) Mean frequency spectrum of residuals from all pixels in the phantom from ascending (STEP-1), alternating (STEP-24) and STEP-11 reorderings. b) Function
used for weighting the frequency spectrum of the residuals. c) Mean of weighted frequency score over residuals from all pixels in the phantom. Residuals were
computed by reordering the sum of residuals according to STEP patterns. Weighted frequency score for STEP-1 to STEP-24 reorderings is shown. Higher values
indicate that residuals have a relatively high amount of low-frequency components. STEP-11 turns out to be the best STEP reordering, based on this measure.

Fig. 4. MRF parameter maps and difference maps from dual density spiral MRF acquisitions using different ILR reorderings. T1 maps and the corresponding T2 maps
are shown for different reorderings and offsets with and without AIR-MRF reconstruction,Respective shading maps, i.e. difference of the two parameter maps are
shown for non fluid parts of the brain in the same column, together with the mean magnitude of the relative differences.
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11 is giving the best results. This finding is confirmed by calculating
difference maps: the map for the STEP-11 pattern has zero mean with
low variation. Nevertheless, the effects of undersampling artifacts
strongly depend on the underlying structure and in more complex body
parts a different ILR pattern might be favorable.

Ideally, an optimized reordering scheme enables the generation of
unbiased parameter maps with a simple and fast template matching
algorithm, even if the signal is severely affected by k-space under-
sampling. More sophisticated reconstruction methods such as iterative
reconstruction [11,12] or low rank [9,10] methods can minimize the
spatial biases caused by undersampling artifacts. These types of
methods can also benefit from optimized reordering schemes which
could result in faster convergence and a substantial improvement of
iterative methods that rely on pattern matches. However, it should be
noted that reconstructions formulated as inverse problems do not ne-
cessarily have to be biased similarly as the simple pattern matching, as
we have exemplarily shown for AIR-MRF. Differences in convergence
are expected and potentially other ILR patterns might be better suited
than the one found in this study.

This investigation does not cover the golden ratio reordering
scheme that is used in a variety of MRF implementations [7,8], espe-
cially in those employing radial sampling [4,26]. However, a golden
ratio reordering would correspond to a STEP ~14.83 scheme, which is
very similar to STEP-15. Accordingly, it is not expected to provide
significantly different results than the repetitive integer STEP re-
ordering schemes investigated in this work. Nevertheless, golden angle
reordering schemes also provide substantially better results than the
originally proposed ascending reordering.

MRF can be implemented in various ways [4,6,8,26,28,29] [18] and
a general solution to the optimization of MRF sequences [30] always
has to be combined with the optimization of the sampling scheme. In-
sights gained in this work are nevertheless applicable to implementa-
tions of the fingerprinting concept with fingerprints that have similar
frequency spectra and are expected to remain valid when using dic-
tionary compression methods such as SVD compression [31]. The
combination of low frequency signals and high frequency artifacts that
we found to be favorable in our study is only a special case of the
general problem to design signals and artifacts with different spectra.
Future work is necessary to examine fingerprints with different spectra.

5. Conclusions

When applying undersampling of k-space in MRF, it is an essential
and non-trivial task to ensure stable, bias-free results, which are not
affected by the sampling pattern. It was shown, both by simulation and
experiment, how an inadequate spiral interleaf reordering pattern will
introduce a spatial bias to the MRF parameter maps. Investigating basic
properties of the temporal interleaving scheme leads to objective cri-
teria to identify the most appropriate sampling pattern, which was
demonstrated in phantom and human-brain experiments.
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