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Abstract

This study aimed to examine different trajectory correction methods for spiral imag-

ing on a preclinical scanner with high-performance gradients with respect to image

quality in a phantom and in vivo. The gold standard method of measuring the trajec-

tories in a separate experiment is compared to an isotropic delay-correction, a correc-

tion using the gradient system transfer function (GSTF), and a combination of the

two. Three different spiral trajectories, with 96, 16, and three interleaves, are consid-

ered. The best image quality is consistently achieved when determining the trajectory

in a separate phantom measurement. However, especially for the spiral with 96 inter-

leaves, the other correction methods lead to almost comparable results. Remaining

imperfections in the corrected gradient waveforms and trajectories are attributed to

asymmetrically occurring undulations in the actual, generated gradients, suggesting

that the underlying assumption of linearity is violated. In conclusion, images of suffi-

cient quality can be acquired on preclinical small-animal scanners using spiral k-space

trajectories without the need to carry out separate trajectory measurements each

time. Depending on the trajectory, a simple isotropic delay-correction or a GSTF-

based correction can provide images of similar quality.

K E YWORD S

gradient impulse response, high-performance gradient, preclinical imaging, spiral imaging,
trajectory correction

1 | INTRODUCTION

Magnetic resonance imaging (MRI) has become an indispensable tool in preclinical research, providing non-invasive, multi-parametric and high-

resolution images for the study of anatomical, structural, or functional changes in small animal models of human disease. In recent years, there has

been a growing interest in refining imaging techniques to enhance both spatial and temporal resolution, crucial, for example, to study

Abbreviations: ECG, electrocardiogram; FID, free induction decay; GIRF, gradient impulse response function; GSTF, gradient system transfer function; id, inner diameter; LTI, linear, time-

invariant/linearity, and time-invariance; nRMSE, normalized root-mean-squared error; NUFFT, non-uniform fast Fourier transform; od, outer diameter.
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cardiovascular disease models.1 Among these techniques, spiral k-space trajectories have emerged as a promising method, offering advantages in

acquisition speed, signal-to-noise ratio (SNR), and reduced motion and flow artifacts2–4 compared to Cartesian image acquisitions. Especially in

small animal cardiac MRI, where the heartbeat is very fast and breathing motion cannot be ameliorated by breath hold commands, the acquisition

pattern and sampling efficiency of spiral trajectories are favorable. However, there are trade-offs associated with those benefits: Spiral image

acquisitions are prone to blurring due to off-resonance effects and to image artifacts caused by trajectory errors.3,5–9 The latter arise from spatio-

temporal gradient infidelities rooted in partially unavoidable hardware imperfections. In preclinical research settings, where the field strengths are

typically higher and the gradient systems are stronger and faster switching than in clinical settings, these limitations become more significant. Spi-

ral k-space trajectories have thus been only sparsely reported in preclinical MRI studies.3,4,10–17

Temporal gradient errors arise mainly from uncompensated eddy currents and delays.18 Other causes are bandwidth limitations or nonlinear

effects of the gradient power amplifiers,19–21 and mechanical vibrations of the gradient coils.22–25 The most commonly used strategy to mitigate such

errors in preclinical imaging is to measure the actual k-space trajectory for each image orientation and set of imaging parameters in a separate experi-

ment.3,4,15,26,27 While giving accurate results, this approach can be very time-consuming. Importantly, there are also applications, in which an in situ

trajectory measurement is not easily feasible, for example, when employing very high gradient amplitudes, or when the sample is very small or has a

very short T2*. In clinical applications, an alternative method based on modelling the gradient system as linear and time-invariant (LTI) has also been

established.5,28–31 The transmission behavior of the gradient system is characterized in the time domain by the gradient impulse response function

(GIRF) or in the frequency domain by the gradient system transfer function (GSTF), either of which can be used to predict the actual trajectories.5,6,29

To the best of our knowledge, this approach has so far only been utilized, on preclinical scanners, in hyperpolarized 13C imaging,10 but not yet in 1H

imaging. Since the latter comprises a much broader range of applications that could potentially benefit from applying an LTI-model to correct spiral

trajectories, we sought to systematically compare trajectory correction methods in preclinical spiral 1H MRI.

In this study, we evaluated four correction methods for spiral trajectories on a preclinical small animal scanner with high-performance gradi-

ents. The first method was based on measuring the actual trajectories,26,32 the second was an isotropic delay correction, the third a gradient cor-

rection based on the GSTF, and the fourth a combination of the delay- and GSTF-based corrections. In phantom experiments, we assessed three

spiral trajectories with different properties to test the generalizability of the applied correction methods. In in vivo experiments, we targeted car-

diac imaging as an application for one of the three spiral trajectories.

2 | METHODS

2.1 | Hardware

All experiments were performed on a preclinical 7 T small animal scanner (Bruker BioSpec 70/20, Bruker BioSpin GmbH & Co. KG, Ettlingen,

Germany) equipped with a high-performance gradient insert (Resonance Research Inc., Billerica MA, USA). The insert has an inner diameter (id) of

60 mm and features a maximum gradient strength of 1.52 T/m and a maximum slew rate of 13,830 T/m/s according to the manufacturer's speci-

fications. A quadrature-driven birdcage coil (id: 33 mm, Rapid Biomedical GmbH, Rimpar, Germany) was used in transmit-receive mode for all

experiments.

2.2 | Phantoms

GSTF measurements were performed on a plastic sphere (outer diameter [od]: 29 mm) filled with distilled water. Phantom images were acquired

on a 50-mL Falcon tube (od: 29 mm, length: 116 mm) with plastic building bricks inside, which were embedded in agarose gel (1%), doped with

0.1% CuSO4.

2.3 | Spiral imaging experiments

We acquired phantom images with three different Archimedean spiral trajectories, using the vendor-provided spiral imaging sequence. Trajectory

1 consisted of 96 interleaves, trajectory 2 consisted of 16 interleaves, and trajectory 3 of three interleaves. They are depicted in Figure 1. The spi-

ral gradients are designed under constraint of a maximum slew rate and an amplitude limit, and optionally an additional frequency limit. From the

trajectories resulting with and without the frequency limit, the sequence algorithm automatically chooses the shorter one. We chose trajectories

with different readout lengths and bandwidths in order to investigate how these parameters affect the quality of the applied correction methods.

The imaged slice was positioned at the isocenter of the magnet in a double-oblique orientation.

In vivo proof of concept experiments were performed using trajectory 1 in �22-week-old C57Bl6/J mice (male, 31.13 ± 0.76 g, n = 3). Mice

were anesthetised with 4% isoflurane in 100% medical oxygen and maintained on a nose cone at 1.5–2% throughout. Mice were placed prone on
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F IGURE 1 Legend on next page.
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a temperature-controlled cradle.33 After scouting for short- and long-axis views, double-gated (i.e., using electrocardiogram [ECG]-triggering and

respiratory gating) cine experiments with steady-state maintenance were performed as previously described,34 but using a flexible, programmable

gating controller.35 Cartesian and spiral images were acquired in an interleaved fashion covering the heart from base to apex. All animal experi-

ments were approved under project license PP5900882 by the Committee for Animal Care and Ethical Review at the University of Leeds and

comply with the UK Animals (Scientific Procedures) Act 1986, as amended 2012.

All imaging parameters are summarized in Table 1. The Cartesian in vivo images were acquired with fewer averages than the spirals in order

to keep the number of incorporated cardiac cycles the same. Images with 16 or three spiral interleaves were not acquired in vivo because we

wanted to match the temporal resolution of the Cartesian cine acquisition of 4.8 ms.34 This was not achievable with 16 or three interleaves, even

with higher bandwidth.

2.4 | Trajectory measurements

The trajectories were measured with the thin-slice method26,32 immediately before the respective image acquisition. In short, the k-space position

along a physical gradient axis is deduced from the phases of multiple free induction decay (FID) signals. These signals are measured for every gra-

dient axis of interest in two thin, coplanar off-center slices (slice thickness: 0.16 mm, slice positions: ±4.5 mm from isocenter, slice orientation:

perpendicular to the gradient axis of interest) while the projection of the imaging gradient to the respective axis of interest is active. Reference

measurements without the gradient of interest are recorded to remove effects of the slice selection gradient from the signals. Considering a

double-oblique slice orientation, where the spiral gradients have components on all three gradient axes, three thin slice measurements need to be

conducted. In total, two FID measurements (one with the respective spiral gradient component active and one reference without it) in six slices

each (two perpendicular to the x-, y-, and z-axis, respectively) are needed to determine the actual trajectory for each spiral interleaf. The trajectory

measurements applied the same bandwidth, number of readout points, and repetition time as the image acquisitions. Thus, 12 times the time of a

single spiral image acquisition was added to each double-oblique imaging experiment.

F IGURE 1 (A) Magnitude and (B) phase of the gradient system transfer functions of the x-, y-, and z-axis. (C) Nominal (gray) and measured
(colored) waveforms of the triangles used for the GSTF calculation on the x-axis. The artifacts in the three largest measured triangles are caused
by inaccurate estimates of the signal phase due to too much dephasing. The dashed vertical lines mark the peaks of the 6th and 13th triangles in
the nominal waveforms. (D) Measured (gray, solid) and calculated (colored, dashed) waveforms of the triangles. (E) Differences between the
measured and calculated waveforms. (F) Spiral trajectory with 96 interleaves. (G) Spiral trajectory with 16 interleaves. (H) Spiral trajectory with
three interleaves. (I, J) magnitudes of the GSTFs and of the spectra of the three spiral waveforms used in the phantom experiments. GSTF,
gradient system transfer function.

TABLE 1 Imaging parameters of the phantom and in vivo measurements. The slight differences in maximum gradient amplitude and slew rate
between the phantom and in vivo measurement with 96 interleaves stem from the slight difference in slice orientation.

Phantom Mouse

Trajectory 96 spiral interleaves 16 spiral interleaves 3 spiral interleaves 96 spiral interleaves Cartesian

TR (ms) 4.8 250 250 4.8 4.8

TE (ms) 0.701 0.701 0.701 0.701 1.429

Readout bandwidth (kHz) 300 200 909.09091 300 131.57895

Readout length (ms) 2.3 10.1 14.0 2.3 1.46

Flip angle 15� 15� 15� 15� 15�

FOV (mm2) 30 � 30 30 � 30 30 � 30 30 � 30 30 � 30

Matrix size 192 � 192 192 � 192 192 � 192 192 � 192 192 � 192

Slice thickness (mm) 1.0 1.0 1.0 1.0 1.0

Number of averages 1 1 1 4 2

Max. gradient amplitude (T/m) 0.2235 0.1491 0.6751 0.2331 n.a.

Max. slew rate (T/m/s) 9344.2 8845.4 11895.2 9747.1 n.a.

Samples per interleaf 573 1916 12,488 573 n.a.

Abbreviations: FOV, field of view; TE, echo time; TR, repetition time.
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For the in vivo measurements, we performed two separate trajectory measurements. One in the mouse, but without any gating, and one in

the spherical phantom filled with distilled water. In the gated acquisition, the trajectory measurement was not possible with the sequence we

used, seemingly due to the software version on the scanner.

2.5 | GSTF measurements and calculation

The GSTFs of the three physical gradient axes were determined from 13 triangular test gradient pulses. These were also measured with the thin-

slice method26,32 for each axis (slice thickness: 0.2 mm, slice positions: ±5.1 mm, receiver bandwidth: 1000 kHz, readout length: 50 ms, TR: 10 s).

One reference FID signal without any active gradients was acquired per slice to compensate effects from the slice selection gradient. For the

GSTF measurements, we also used the spherical water phantom. Each GSTF was measured with 32 averages. The 13 triangles featured ramp

times between 8.1 and 105.3 μs, with an increment of 8.1 μs, which equals the gradient raster time of the scanner. We chose a slew rate of

13,827.2 T/m/s, which is close to the maximum possible slew rate. The triangular waveforms thus reached maximum amplitudes between 0.112

and 1.456 T/m. The three test gradients with longest duration had to be excluded from the calculation of the GSTF because the induced

dephasing did not allow to determine the phase of the signal accurately on the falling edge of the triangles.

We calculated the GIRF, i.e., the Fourier-transform of the GSTF, in the time domain through a linear system of equations. These were

implemented as a matrix equation36 and solved using Tikhonov regularization37,38:

gout
0

� �
¼ Min 1

λR 0

� �
h

Δ

� �
with R¼ I ð1Þ

The column vector gout holds the Nout measured gradient samples; the column vector h consists of the Nh discretized values of the GIRF; the

Nout�Nh matrix Min contains shifted instances of the input waveform, implementing the discretized convolution of the input waveform with the

GIRF by the product of Min and h; 1 represents an Nout�1 vector of ones; the scalar Δ symbolizes a constant gradient field offset; λ¼ √0:1 is

the scaling factor for the Nh�Nh regularization matrix R, which we chose to be equal to the identity matrix I. This calculation approach was cho-

sen because it results in less noisy GSTFs than the direct calculation in the frequency domain,38 and it is less prone to artifacts in the resulting

GSTFs arising from inaccuracies in the measured gradient waveforms gout.
36

In order to reduce the computational demand and further reduce noise in the GSTF, we only took into account the first 12 ms of each read-

out, resulting in a frequency resolution of 83.3 Hz. In a prior calculation with a frequency resolution of 20 Hz, we verified that no mechanical reso-

nances or other long-living gradient distortions are present on our system.

2.6 | Image reconstruction

For non-Cartesian image reconstruction, we used the non-uniform FFT (NUFFT) toolbox39 included in the Michigan Image Reconstruction Tool-

box (MIRT).40 Each spiral image was reconstructed five times, each with a different k-space trajectory. The first reconstruction used the pre-

scribed trajectory. The second reconstruction used an isotropically delay-corrected trajectory: the prescribed gradient waveforms on all three

axes were delayed by the same amount of time, and then integrated. The third reconstruction used the trajectory as predicted by the GSTF, which

was calculated by multiplying the Fourier-transformed gradient progression of each spiral interleaf on each axis with the respective self-term of

the GSTF.30 Since the GSTFs did not reveal any long-living gradient distortions, it was justified to treat every repetition time (TR) interval indepen-

dently from the previous TRs for this calculation. For the fourth reconstruction, a small, additional isotropic delay was applied to the GSTF-

corrected gradient waveforms (“GSTF + delay” correction). This was done to reduce residual artifacts in the GSTF-corrected images and will be

further explained in the discussion of this article. Finally, for the fifth reconstruction, the trajectory was measured with the thin-slice method, as

described above.

The optimum delays for the delay- and the GSTF + delay correction were determined by comparing the images to the ones reconstructed

with the measured trajectory, which we considered as ground truth images. Images were reconstructed with different delays, and a normalized

root-mean-squared error (nRMSE) was calculated for each delay τ, according to

nRMSE τð Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN2

i¼1
Smeas
i �a �Sdelayi τð Þ

��� ���2
s

N
ð2Þ
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with a¼

PN2

i¼1
Smeas
i

�� �� � Sdelayi τð Þ
��� ���

PN2

i¼1
Sdelayi τð Þ
��� ���2

: ð3Þ

Smeas
i and Sdelayi are the image intensities in the ith pixel of the magnitude images reconstructed with the measured and the corrected trajec-

tory, respectively, and N2 signifies the number of pixels. The normalizing factor a as defined in Equation (3) accounts for intensity differences in

the two images. We then fitted a polynomial of fourth degree to the outcome and determined the minimum by finding the roots of the first

derivative.

2.7 | Simulations in a numerical phantom

To better understand how trajectory errors and the various corrections manifest in the resulting images, we also performed simulations in a

numerical phantom. We produced synthetic k-space data by applying the forward NUFFT operator of each measured spiral trajectory to a modi-

fied Shepp–Logan phantom. Subsequently, we reconstructed the image with each of the (un-)corrected trajectories that we also used for the

reconstruction of our measured phantom images. Changes or artifacts in the resulting images would then only be caused by the trajectory errors,

allowing us to assess whether those were the dominating effect in our experiments. Otherwise, other confounding factors, such as static B0 inho-

mogeneity, could have potentially played a role.

3 | RESULTS

3.1 | GSTFs of the physical gradient axes

Figure 1 displays the GSTFs of the x-, y-, and z-axis of the high-performance gradient system in the top row. The magnitude (Figure 1(A)) exhibits

a low-pass characteristic that looks similar on all three gradient axes in the range up to 15 kHz. Outside the range (�15 kHz, 15 kHz), GSTFz is

wider than the other two. The phase (Figure 1(B)) of GSTFx and GSTFy exhibits multiple bends and a negative slope, and is almost identical for the

x- and y-axis, while the slope of the phase of GSTFz is much flatter.

The second row shows the triangles that were used to calculate the GSTF on the x-axis. Figure 1(C) shows the nominal (gray lines) and mea-

sured waveforms (colored lines). The measured triangles with the three largest areas are confounded by artifacts on the falling edge, caused by

too much dephasing of the signal. When the amplitude of the FID signal is zero, the phase can no longer be determined accurately, in this case

leading to erroneous gradient estimates. These three triangles were therefore excluded from the GSTF calculation. The dashed vertical lines mark

the peaks of the 6th and 13th nominal triangle waveforms as reference points in Figure 1(C, D, and E). Figure 1(D) displays the measured wave-

forms (gray solid lines) again, as well as the ones calculated by GSTFx (colored dashed lines). Except for the confounded parts of the three largest

triangles, the measured and calculated curves are indistinguishable by eye. The differences are plotted in Figure 1(E). From the differences, it can

be seen that the measured gradient is always smaller than the prediction immediately after switching on the gradient. It then rises above the

predicted values, before falling onto or below the prediction again. The undulation occurring before the first dashed reference line is very similar

for all triangles except the first four, which pass their respective peak values before this point. For all the remaining triangles, this undulation pre-

sents on the rising edge, but is not mirrored symmetrically on the falling edge. Instead, the measured waveforms show slight oscillations around

the predicted ones on the falling edges of the triangles. The large deviations around 0.2 ms in the green (10th triangle) and light blue (9th triangle)

graphs in Figure 1(E) are caused by measurement noise.

The third row presents one interleaf each of the three spiral trajectories that were used in the phantom experiments, namely with 96 (Figure 1

(F)), 16 (Figure 1(G)), and three interleaves (Figure 1(H)).

In the bottom row of Figure 1, the magnitudes of the GSTFs are overlaid by the spectra of the gradient waveforms corresponding to the three

spiral trajectories used in the phantom experiments. The spiral waveform with 16 interleaves has the lowest main frequency range, with the

highest peak of the spectrum at 0.43 kHz. The spiral with 96 interleaves exhibits a wider main peak with the maximum at 0.73 kHz. The spectrum

of the spiral with three interleaves contains an even wider range of frequencies in the main lobe, and shows two prominent peaks at 1.87 and

2.77 kHz. The zoomed view in Figure 1(G) reveals that there are no resonances present in any of the GSTFs in the relevant frequency range.
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3.2 | Delay optimization

Figure 2 shows the nRMSEs (according to Equation (2)) of the different spiral reconstructions for different values of the delay τ in both the trajec-

tory correction with the isotropic delay and in the GSTF+delay trajectory correction, respectively. In all cases, the minimum for the isotropic

delay correction was found to range between �17 and �22μs, while the optimal delay for the GSTF+delay correction was between 0 and

�5 μs. The exact values are summarized in Figure 2(E). Notably, the delays of acquisitions with different imaging parameters are different, but also

the delays of both acquisitions with 96 spiral interleaves, i.e., in the phantom and in vivo, differ, which will be addressed in the discussion.

3.3 | Phantom images

Figure 3 shows the phantom images acquired with 96, 16, and three spiral interleaves, each reconstructed with five different trajectories.

(E)

F IGURE 2 Delay optimization for the isotropic delay correction (left) and the GSTF + delay correction (right). (A) Phantom image with
96 spiral interleaves. (B) Phantom image with 16 spiral interleaves. (C) Phantom image with three spiral interleaves. (D) Mouse image with
96 spiral interleaves. (E) Optimum delays as marked by the vertical lines in (A–D). GSTF, gradient system transfer function.
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F IGURE 3 Phantom images acquired with three different spiral trajectories. Column 1: spiral with 96 interleaves. Column 2: spiral with
16 interleaves. Column 3: spiral with 3 interleaves. Row 1: reconstruction with the nominal trajectory. Row 2: reconstruction with the delay-
corrected trajectory. Row 3: reconstruction with the GSTF-corrected trajectory. Row 4: reconstruction with the GSTF + delay-corrected
trajectory. Row 5: reconstruction with the measured trajectory. The arrows indicate artifacts caused by an air bubble and blurry parts of the
phantom, as mentioned in the text.
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For the spirals with 96 and 16 interleaves, the reconstruction with the nominal trajectory yields significant artifacts in the images (Figure 3(A,

B)). For the spiral with three interleaves, the rim of the phantom is uneven, and the center appears brighter compared to the outer region

(Figure 3(C)). The delay-corrected trajectory works well for the spiral with 96 interleaves (Figure 3(D)), but still suffers from hyperintense artifacts

around the edges of the building brick for the spiral with 16 interleaves (Figure 3(E)). For the spiral with three interleaves, the delay-correction

seems to just rotate the image and alter the intensity distribution slightly (Figure 3(F)), compared to the nominal reconstruction. Using the GSTF-

corrected trajectory, we see hyperintensities around the edges of the building brick in the spiral images with 96 and 16 interleaves (Figure 3(G,

H)). Additionally, there is a halo around the rim of the phantom, and the image intensity is highest in the center and decreases towards the edges.

With the GSTF + delay correction, these artifacts are reduced significantly (Figure 3(J,K)). Comparing the central low SNR region of the phantom

in Figure 3(G, H, J, and K) to Figure 3(M and N), it appears slightly larger in the former. For the spiral with three interleaves, both GSTF-corrected

images (Figure 3(I,L)) look similar to the delay-corrected image, except the whole phantom appears larger. The reconstruction with the measured

trajectory results in almost artifact-free images for the spirals with 96 and 16 interleaves (Figure 3(M,N)). The only visible artifacts come from an

air bubble enclosed in the phantom about the 1 o'clock position (indicated by arrows). The image reconstructed with the measured trajectory of

the spiral with three interleaves exhibits only little artifacts from the air bubble, but appears blurry between 9 and 11 o'clock, indicated by the

arrows in Figure 3(O).

Among the different reconstructions for each spiral configuration, the one with the measured trajectory always yields the best image quality.

For the spiral trajectory with 96 interleaves, the reconstructions with the delay-correction, the GSTF + delay correction, and with the measured

trajectory are of similar image quality with little to no visible artifacts. For the spiral with 16 interleaves, the image with the GSTF + delay correc-

tion (Figure 3(K)) only shows a slightly hyperintense rim at the external border of the phantom and the signal intensity within the phantom is not

as homogeneous as in the image with the measured trajectory. For the spiral with three interleaves, all the images suffer from high noise levels,

which also make the inner structure of the phantom look blurry. However, the reconstruction with the measured trajectory looks least distorted

around the air bubble and has the most even image intensity distribution in the agarose part of the phantom, despite potentially being a bit

noisier.

Figure 4 depicts difference images between the phantom reconstructions with the nominal, delay-corrected, GSTF-corrected, GSTF + delay-

corrected, and with the measured trajectories to examine the geometric congruence of the structure in the phantom more closely. In spiral

images, trajectory errors that resemble a delay result in a rotation of the imaged object, so checking the geometry provides another means of eval-

uating the trajectory corrections we applied. The maxima of the colormaps are the same as in the respective columns in Figure 3. For the trajec-

tory with 96 interleaves (Figure 4, column 1), the delay-corrected reconstruction shows the least deviations from the “measured” one (Figure 4

(D)), closely followed by the GSTF + delay-corrected reconstruction (Figure 4(J)). For the GSTF-corrected reconstruction, the difference image

(Figure 4(G)) demonstrates mostly intensity differences compared to the ground truth image, but no significant geometric differences. Specifically,

the image intensity is higher in the center and lower towards the edges of the phantom, which might cause or contribute to the impression

described previously, that the central part of the phantom appears larger. For the trajectory with 16 interleaves (Figure 4, column 2), the

GSTF-corrected reconstruction (Figure 4(H)) shows the same intensity differences, but with an additional slight rotation of the phantom. The

delay-corrected and the GSTF + delay-corrected phantom images (Figure 4(E and K)) exhibit minor geometric misalignments, in the latter case

accompanied by small intensity differences. For the trajectory with three interleaves, Figure 4(C and F) clearly demonstrate that the nominal tra-

jectory and the isotropic delay correction result in the phantom appearing too small. Figure 4(F) also proves that the delay correction rotates the

phantom into the correct orientation. The GSTF correction (Figure 4(I)) yields an image where the phantom's size is represented correctly, with

only minor geometric infidelities remaining. They are slightly ameliorated with the GSTF + delay correction (Figure 4(L)), but the visual impression

that the additional delay does not change the image significantly is confirmed.

Figure 5 displays gradient waveforms of the phantom measurement with 16 interleaves. Figure 5(A) illustrates the waveform on the gradient

x-axis of one spiral interleaf, while Figure 5(B) shows the differences of the nominal and corrected waveforms to the measured one. The nominal

waveform clearly differs most from the measurement. Figure 5(C,D) zoom into the first millisecond, allowing to examine more subtle differences.

The nominal gradient waveform is obviously shifted against the other ones. Differences between the delayed and the two GSTF-corrected wave-

forms are not depicted well in the chosen visualization in Figure 5(C), but the measured gradient waveform exhibits small undulations on the left

slope of each lobe (marked by the green arrows and zoomed-in insets), which do not appear on the respective right slopes. Notably, these asym-

metric undulations are not present in any of the calculated waveforms. The dashed lines mark the start and end of the third sinusoidal lobe of the

waveform, facilitating the comparison of the gradient waveforms in Figure 5(C) to the differences to the measured one in Figure 5(D). In the first

0.15 ms in Figure 5(D), the GSTF + delay-corrected gradient waveform exhibits the least deviations from the measured waveform (as the

depicted difference is almost zero). From 0.15 ms onwards, the GSTF-corrected waveform without the additional delay seemingly agrees best

with the measured one, as the difference only deviates from zero when the undulations in the measured waveform occur. The arrows in Figure 5

(D) exemplarily highlight time points in between the undulations where the GSTF + delay-corrected waveform deviates more from the measured

one than the GSTF-corrected waveform without the additional delay. However, over the course of the whole image acquisition, taking into

account all spiral interleaves, the RMSE between the measured and GSTF + delay-corrected waveform is lower than the RMSE between the
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measured and GSTF-corrected waveform (data not shown). This applies to all three gradient axes. Figure 5(E,F) show the first millisecond of the

respective gradient waveform on the y-axis, where similar observations can be made.

Figure 6 compares one interleaf of the k-space trajectories of the different reconstructions of the phantom measurement with 16 interleaves.

In Figure 6(A), it can be seen that all five trajectories lie closely together in the upper half of k-space, while there is a distinct deviation of the mea-

sured trajectory from the other four in the lower half of k-space. The zoomed-in sections in Figure 6(C,D) illustrate this more clearly. The differ-

ences between the measured and the other four trajectories are depicted in Figure 6(B). The nominal trajectory obviously deviates most from the

measured one. Zooming into the k-space center in Figure 6(E,F), differences for the first 0.1 ms and the first millisecond of the readout are evi-

dent. The RMSEs corresponding to the differences plotted for the different time windows are summarized in Figure 6(G). Notably, the RMSE of

the GSTF-corrected trajectory is more than twice as large as the RMSE of the delay- and GSTF + delay-corrected trajectories in the first 0.1 ms.

This matches the visual impression in Figure 3, where the intensity distribution of the GSTF-corrected image differs notably from that in the

images with the delay- and GSTF + delay correction. The situation in the time window of the first millisecond is comparable.

F IGURE 4 Difference images between the phantom reconstructions with the nominal (row 1), delay-corrected (row 2), GSTF-corrected (row
3), GSTF + delay-corrected (row 4), and with the measured trajectories. Column 1: spiral with 96 interleaves. Column 2: spiral with 16 interleaves.
Column 3: spiral with 3 interleaves. GSTF, gradient system transfer function.
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F IGURE 5 Gradient waveforms of one spiral interleaf of the phantom measurement with the spiral with 16 interleaves. (A) Gradient
waveforms without and with the different corrections on the x-axis of the gradient system. (B) Differences of the nominal and corrected gradient
waveforms to the measured one. (C) Zoom into the first millisecond of the gradient waveforms. (D) Zoom into the first millisecond of the
differences. (E) First millisecond of the gradient waveforms on the y-axis of the gradient system. (F) First millisecond of the differences of the
nominal and corrected waveforms to the measured one on the y-axis.
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3.4 | Simulations in a numerical phantom

The reconstructions of the synthetically sampled Shepp–Logan phantom are shown in Figure 7, in the same order as the phantom images in

Figure 3. The artifacts described previously for the actual phantom MR images, i.e., intensity variations, hyperintense rims, halos, rotation, and

geometric scaling, are also present in a very similar manner in the numerical simulations. Given the striking resemblance between the two sets of

images, we believe a detailed description would be redundant.

nominal
delay
GSTF

GSTF+delay

RMSE whole interleaf (1/m) RMSE first 0.1 ms (1/m) RMSE first 1 ms (1/m)

F IGURE 6 K-space trajectories of one spiral interleaf of the phantom measurement with the spiral with 16 interleaves. (A) Nominal,
corrected, and measured k-space values. (B) Differences of the nominal and corrected trajectories to the measured one. (C) Zoom onto the
trajectories in the upper half of k-space. (D) Zoom onto the trajectories in the lower half of k-space. (E) Trajectory differences of the first 0.1 ms
of the readout. (F) Trajectory differences of the first millisecond of the readout. (G) RMSEs corresponding to the differences in (B) (column 1),
(E) (column 2), and (F) (column 3). RMSEs, root-mean-squared errors.
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F IGURE 7 Legend on next page.
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3.5 | In vivo images

Figure 8 shows the short axis view of a murine heart, reconstructed with different trajectory corrections. In contrast to the phantom measure-

ments, two of the in vivo images were reconstructed with a measured trajectory. The trajectory was measured both in situ (Figure 8(H)), and in a

separate phantom measurement (Figure 8(I)). The latter image was considered the ground truth image. Figure 8 also shows the difference

between each reconstructed image and the ground truth. A Cartesian image is shown in Figure 8(L) for comparison. The center of the image is

hyperintense in the reconstruction with the nominal trajectory (Figure 8(A)), whereas hypointense regions can be seen in the outer parts of the

field of view (FOV). The myocardium and the blood pool cannot be distinguished due to blurring and smudging artifacts. As far as the

F IGURE 7 Reconstructions of the synthetically sampled Shepp-Logan phantom. Column 1: spiral with 96 interleaves. Column 2: spiral with
16 interleaves. Column 3: spiral with 3 interleaves. Row 1: reconstruction with the nominal trajectory. Row 2: reconstruction with the delay-
corrected trajectory. Row 3: reconstruction with the GSTF-corrected trajectory. Row 4: reconstruction with the GSTF + delay-corrected
trajectory. Row 5: reconstruction with the measured trajectory, i.e. the adjoint of the NUFFT operator that was used to create the synthetic
k-space data.

F IGURE 8 Short axis view of a mouse's heart. (A, B, C, G, H, I): spiral images reconstructed with different trajectories, as indicated in the
figure. (D, E, F, J, K): difference images of the different reconstructions to the ground truth image (I). (L) Cartesian image.

14 of 20 SCHOLTEN ET AL.

 10991492, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/nbm

.5249 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [24/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



reconstructions with the delay-, GSTF-, and GSTF + delay-corrected trajectories are concerned, it is hard to make out differences to the ground

truth image by eye. The difference images (Figure 8(E, F, J)) reveal that the image with the isotropic delay correction (Figure 8(B)) agrees well with

the ground truth image. In the two GSTF-corrected images (Figure 8(C, G)), the signal intensity is slightly too high in the center and too low in the

periphery of the FOV. This is more pronounced when the GSTF correction is performed without the additional delay. In all three cases, the differ-

ences are largest in the heart. In the image where the trajectory was measured in vivo (Figure 8(H)), we see random intensity variations over the

entire FOV, which make the image look noisier than the other ones. On the other hand, measuring the trajectory separately in a phantom yields a

sharp image without any visible artifacts (Figure 8(I)). The Cartesian acquisition appears to be artifact-free, too, but the gray scale in Figure 8(L) is

F IGURE 9 K-space trajectories of one of 96 spiral interleaves of the mouse measurement. Left column: trajectory was measured in vivo.
Right column: trajectory was measured in the spherical phantom. (A, B) nominal, corrected, and measured gradient waveform on the x-axis of the
gradient system. (C, D) nominal, corrected, and measured k-space values. (E, F) differences of the nominal and corrected trajectories to the
measured ones.
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different from the other images due to the different reconstruction (inverse FFT instead of NUFFT). The upper limit of the color scale was chosen

such that the image appears similar in image intensity to the spiral images.

Figure 9 shows the gradient waveform on the x-axis and the trajectory of one interleaf of the spiral with 96 interleaves that we used in the

in vivo experiment. In the left column, the trajectory was measured in the mouse itself, but without any gating or triggering. On the right, the tra-

jectory was measured in the spherical water phantom. Notably, the gradient waveform is much noisier when measured in the mouse (Figure 9(A))

than in the phantom (Figure 9(B)). The trajectory measured in vivo (Figure 9(C)) is not as noisy as the gradient, because the integration has a

smoothing effect. However, the zoomed-in insets reveal that there is noticeable noise in the trajectory, which is not the case with the trajectory

measured in the phantom (Figure 9(D)). Figure 9(E,F) display the differences of the nominal, delay-corrected, GSTF-, and GSTF + delay-corrected

trajectories to the respective measured trajectory. In Figure 9(E), the noise of the trajectory measured in vivo also becomes apparent, since the

nominal and the corrected trajectories are noise-free. As illustrated in Figure 9(F), the additional delay in the GSTF + delay correction causes little

change in the difference from the true trajectory compared to the GSTF-correction. This aligns with the visual impressions from the images in

Figure 8. Both the GSTF-corrected and the GSTF + delay-corrected trajectories have an RMSE from the trajectory measured in the phantom of

0.024 m�1. The delay-corrected trajectory deviates less from the measured one, with an RMSE of 0.014 m�1.

4 | DISCUSSION

This study examined different correction methods for spiral k-space trajectories in preclinical MRI. The current gold standard of measuring the tra-

jectory separately in a phantom was compared to an isotropic delay-correction and two GSTF-based correction approaches. We tested three dif-

ferent spiral trajectories in phantom experiments, and one of them also in cardiac in vivo images. In addition to the experimental validation, we

also examined the correction methods in numerical phantom simulations.

Evaluating the triangular gradient pulses we used for the GSTF measurements, we discovered that the measured gradient waveforms exhibit

asymmetrically occurring undulations, which are not represented by the GSTF (cf. Figure 1(E)). This indicates that the assumed linearity is violated

by our high-performance gradient system. Measuring the triangular gradients with different slew rates confirmed this conclusion (data not shown).

The undulations were also observed in the gradient waveforms of the spiral imaging experiments (cf. Figure 5(C,E)). Since they cannot be

described by an LTI model, both the delay- and the GSTF-based trajectory corrections caused deviations from the true trajectories. This was also

reflected in the resulting images, especially for the spiral with 16 interleaves. Relevant LTI violations have already been described for clinical MR

scanners.21,41–44 However, we demonstrate that the effects appear to be more pronounced on preclinical small-animal MRI systems, than on clini-

cal, human devices. Consequently, we conclude that LTI-based trajectory corrections, in general, cannot achieve the same image quality as mea-

suring the actual trajectory in a phantom. However, our experiments suggest that delay- or GSTF-based corrections can nevertheless be useful in

preclinical spiral imaging under specific circumstances.

For the spiral with 96 interleaves, the isotropic delay correction already resulted in an almost as sharp image as the reconstruction with the

measured trajectory. For the spiral with 16 interleaves, however, this was not the case. Since the phase of the GSTF of the z-axis is quite different

from the GSTFs of the x- and y-axis, it is to be expected that an isotropic delay correction is not optimal for a double-oblique image acquisition. It

may work for transverse slices on our scanner, since the GSTFs of the x- and y-axis have similar phases, but for every other slice orientation, the

gradients on the different axes must be corrected with different delays. However, we did not carry out such a correction, because optimizing

three individual delays in the same way we did would require at least 113 reconstructions per trajectory (i.e., 11 per axis and trajectory). Since we

acquired double-oblique images, but applied the same delay to all three axes, the image quality is deteriorated in the spiral acquisition with

16 interleaves. This phase difference between the different gradient axes is automatically accounted for by the GSTF-based trajectory correc-

tions. It is possible, though, that the actual delays in the spiral acquisitions are slightly different from the delays represented by the GSTF, due to

nonlinear behavior of the gradient system. This may be a reason why we still need an additional delay with the GSTF, as will be explained later

on. For the spiral with three interleaves, the main effect of the delay correction is a rotation of the object into the correct orientation. The rotation

comes from the k-space data being shifted along an arc when the spiral gradients exhibit a delay. This is also the case for the spirals with 96 and

16 interleaves, but the effect is less noticeable because of the shorter readouts.

Another shortcoming of the delay correction is that it does not consider the low-pass characteristic of a gradient system. This may be of little

relevance for gradient waveforms that concentrate their energy at low enough frequencies, where the magnitude of the GSTF is close to 1. This

is the case for the spirals with 96 and 16 interleaves (cf. Figure 1(J)). Otherwise, it will lead to trajectory errors and therefore image artifacts. In

the spiral images with three interleaves, for example, which has higher main frequencies (cf. Figure 1(J)), the phantom appeared too small

(cf. Figures 3(F) and 4(F)). We have included a simulation demonstrating this effect in the shared code repository. Investigating whether this geo-

metric misrepresentation impacts quantitative measures, such as functional cardiac parameters, e.g., ejection fraction or stroke volume1 should be

considered in future studies.

Although the GSTF-based trajectory correction accounts for both the varying gradient delays on different axes, and the low-pass characteris-

tic of the gradient system, the resulting phantom images in our experiments still suffered from artifacts such as blurring, intensity variations, and
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halos. These are likely caused by the asymmetric discrepancies between the GSTF-predicted and the actual gradient waveforms we described

above, since the images reconstructed with the latter hardly show these artifacts. Other possible sources that are known to corrupt spiral images

include static off-resonances,45–48 eddy current effects of 0th49 or higher order,50 concomitant fields,51,52 or potentially linear cross-responses

between the gradient axes. We suppose that the trajectory deviations are the dominant effect in our experiments, for the following reasons:

Static off-resonances would have affected the GSTF-corrected images as well as the ones reconstructed with the measured trajectories, but the

mentioned artifacts are only present in the GSTF-corrected images (the measured trajectories do not contain spatially resolved information about

B0 inhomogeneity in the imaged slice). Indeed, we did not apply any correction other than the trajectory measurement to our ground truth images,

so all differences between them and the other reconstructions can be assumed to trace back to trajectory differences. We did, however, investi-

gate the effect of zeroth-order eddy currents, which did not alter the images significantly (data available in the shared code repository). Concomi-

tant field effects are expected to be negligible at 7 T: for all three trajectories, the maximum concomitant field contribution of lowest order52 at

x¼ y¼ z¼1cm away from isocenter was 3 orders of magnitude smaller than the maximum field deviation resulting from the gradient deviations

between corrected and measured gradient waveforms. As far as higher order eddy currents and gradient cross-responses are concerned, it did

not deem necessary to correct them, as our simulated experiments with the numerical phantom also suggest that the observed effects are caused

mainly by the first order gradient self-terms.

One might argue that a correction of static B0 inhomogeneity would have increased the overall image quality, especially in the ground truth

images. While this may be true, the subject of this study was to assess the effects of different trajectory correction methods, not to optimize

image quality per se. We do agree that a static off-resonance correction should be included in the reconstruction pipeline when it comes to real

imaging applications. Considering our acquisition parameters, we would expect the spiral acquisition with the longest readout, i.e., the one with

three interleaves, to suffer most from B0 inhomogeneity. We therefore compared the image in Figure 3(O) to (M,N) (data not shown). The differ-

ence images exposed only the slight blurring of sharp edges and the different appearance of the air bubble, which are also visible by eye in

Figure 3, but no geometric or other deviations. We therefore argue that our assumed ground truth images are an appropriate choice for the

intended purpose, i.e., comparing different trajectory correction methods. For the in vivo experiments, the spiral readout is so short that we do

not expect relevant off-resonance effects. This claim is supported by the similarity of the reconstruction with the measured trajectory (Figure 8(I))

and the Cartesian acquisition (Figure 8(L)).

We demonstrated that the results of the GSTF correction in terms of image quality can be improved by adding an additional delay, resulting

in the GSTF + delay correction. We hypothesize that this additional delay can partly compensate the trajectory deviations of the GSTF-prediction

caused by the asymmetric undulations in the actual gradients. For the determination of this additional delay, we used a reference image, i.e., the

one reconstructed with the measured trajectory. While it would have been possible to determine delays that minimize differences between the

predicted and measured gradient waveforms, or trajectories, we believe that the image-based delay-optimization is the most useful at this point,

because it results in the best image quality. Differences in the optimal delay for the same trajectory (i.e., the spiral with 96 interleaves in the phan-

tom vs. in vivo) might be due to small differences in the slice orientation, or due to different shim currents carried by the gradient coils. Between

the different phantom images, the slice orientation and shim settings are the same, but the gradient amplitudes and dwell times differ. Since we

see LTI violations in our gradient system, it cannot be assumed that gradients with different amplitudes (or slew rates) necessarily exhibit the same

delays. It is therefore also possible that the delays in the GSTF measurements differ from the delays in the spiral acquisitions. The dwell time dif-

ference may have an impact because it is necessary to interpolate between different time grids during image reconstruction (namely the gradient

raster time (8.1 μs) defining the nominal gradient waveforms, the dwell time of the GSTF measurement (1 μs), and the dwell time of the respective

spiral acquisition (Table 1)), giving room for small timing errors. Apart from that, the actual gradient delay of the system could also depend on the

receiver bandwidth. However, a detailed investigation of the LTI violations was out of the scope of this study.

One limitation of this study is that we based the determination of the optimal delays on the comparison to a reference image, which was

acquired with the same spiral trajectory, but required a trajectory measurement. To eliminate the additional effort of measuring the trajectory, a

more practical method to optimize the delays is needed. Two possibilities that come to mind are the comparison to some Cartesian reference

image, which is potentially acquired in the study of interest anyways, or the optimization of certain features of the image itself, e.g. geometric ori-

entation or sharpness of edges. Finding an objective measure that is independent from separate trajectory measurements should be the goal of

future investigations.

Another limitation is that we only describe experiences made with one specific small-animal scanner equipped with one specific high-

performance gradient system. Thus, we cannot prove that our assumptions and conclusions necessarily transfer to other systems. This could also

be investigated in the future.

Given that the GSTF + delay correction takes into account more imperfections of the gradient system than the isotropic delay correction,

one would expect that it generally yields superior results. Instead, we see in Figure 2 that, except for the spiral with three interleaves, the mini-

mum nRMSE of the isotropic delay correction is always slightly lower than that of the GSTF + delay correction. The same holds for the RMSEs

we reported for the k-space trajectories of the spirals with 16 (Figure 6) and 96 (Figure 9) interleaves. However, the images reconstructed with

the GSTF + delay correction exhibit fewer artifacts at boundaries between different materials (cf. Figures 3(K) and 7(K)) than the isotropically

delay-corrected images (cf. Figures 3(E) and Figure 7(E)). In return, the overall contrast between the different materials is less similar to the ground
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truth images (cf. Figure 4(E,K)), a feature that is reflected more prominently by the nRMSE. We speculate that this is also caused by the nonlinear

behavior of the gradient system. A more detailed investigation of the nonlinearities with respect to gradient amplitude, slew rate, zero-crossing,

and other variables is required to better understand how they corrupt the GSTF-model. Other nonlinear effects, like thermal heating, have been

reported to affect the GSTF on clinical MRI systems,43,44 but, to our knowledge, have not been investigated on preclinical scanners.

One possible solution to address LTI violations but still exploit the advantages of a transfer function model has been presented on a clinical

scanner by Rahmer et al.21 They propose concurrently measuring the output currents of the gradient power amplifiers and using a current-to-field

transfer function to infer the true gradient progressions. This would, at least partly, eliminate nonlinear characteristics coming from the amplifiers

from the LTI-model. Provided it is technically feasible, it would be interesting to see how this approach translates to a preclinical setup, and/or a

setup with high-performance gradients, since both probably use different amplifiers. Another way might be to explore nonlinear models for

modelling the gradient system's transmission behavior, for example, by using machine learning. First steps in the direction of correcting temporal

gradient errors this way have already been taken.53,54

Even though the LTI-based correction methods we explored in this study could not fully match the image quality reached with the gold stan-

dard method, our in vivo experiment represents an instructive example for their usefulness. We saw that the images get very noisy if the mea-

sured trajectory is noisy, which is likely to happen in in vivo measurements where uncompensated motion (i.e., caused by cardiac, respiratory

movements and/or blood flow) represents an additional confounder. Measuring the trajectory virtually noise-free in a separate phantom experi-

ment requires additional resources. In both cases, the additional measurements are needed for every trajectory and slice orientation. The GSTF,

on the other hand, only needs to be measured once and can then be used to correct arbitrary trajectories in arbitrary orientations. A simple delay

correction can even be applied without any additional measurements. We expect that these LTI-based methods work reasonably well for trajecto-

ries with a short readout, where phase errors cannot accumulate over long periods of time. In these cases, they are both SNR- and time efficient,

especially for measurements with several different slice orientations. The demonstrated application in in vivo cardiac imaging represents one

example.

5 | CONCLUSION

In summary, our study comprehensively evaluated trajectory correction methods in spiral imaging using a preclinical small-animal scanner with a

high-performance gradient insert. While measuring the trajectory in a phantom resulted in the highest image quality for all three tested trajecto-

ries, we were also able to obtain good images either with a simple isotropic delay correction or with GSTF-based trajectory corrections. We found

the reason for remaining trajectory errors to be nonlinearities in the gradients' switching behavior, which conventional GSTF-based correction

models could not incorporate. We therefore conclude:

i. If image quality is absolute priority and there are no time constraints, a separate trajectory measurement should be conducted in a phantom.

ii. If the main frequency of the spiral readout gradients is low enough, and the readout short enough, a simple isotropic delay correction might

yield images of similarly high quality.

iii. In all other cases, a GSTF + delay correction should result in satisfactory images, while saving a lot of time and effort.

Further investigations are required to better model nonlinearities in the gradient switching and to completely eliminate the need for addi-

tional phantom trajectory measurements.
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