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1 INTRODUCTION

1.1 Layer-fMRI and its acquisition
challenges

Layer-fMRI has significant potential for investigating neu-

ral information flow within and across brain systems.

Knowing at which cortical layer neural activity occurs

allows neuroscientists to determine whether activation

modulations are driven by feed-forward or feedback input,

and whether neural circuits are involved in output versus

input processes.

However, traditional layer-fMRI data collection at

submillimeter resolutions faces limitations due to EPI

artifacts. Specifically, in high-resolution protocols with

low bandwidths, EPI ghosts arise from inconsisten-

cies between odd and even echoes. While conventional

Nyquist ghosting is addressed through a common

two-parameter phase correction method (only includ-

ing 0th and first-order corrections1–3) layer-fMRI is also

affected by additional higher-order phase inconsistencies:

• Imperfections in gradient waveforms increase with

higher gradient amplitude and slew rates. This is par-

ticularly challenging for EPI image quality when large

ramp sampling factors and low bandwidths are used in

layer-fMRI protocols.

• The long echo train length in high-resolution protocols

allows phase inconsistencies to accumulate during the

acquisition of large imaging matrices.

• Parallel imaging, which is crucial for efficient

layer-fMRI, is very sensitive to odd-even artifacts and

can amplify small residual EPI ghosting and phase

errors within the GRAPPA/SENSE reconstruction.4

Due to these challenges, conventional layer-fMRI

acquisition protocols are often conservatively designed,

with limited resolutions of approximately 0.8mm and TR

values around 3 s. This spatial resolution is barely suffi-

cient to resolve activity across layer groups 300–1200 μm

apart with Nyquist sampling.5 Additionally, FOV prescrip-

tions are typically restricted to cover only the outer brain

areas of the upper cortex. This is because:

• Many lower brain areas are located far from the receive

RF-coil elements, leading to high g-factors and low

SNR.

• Lower brain areas experience stronger B0 inhomo-

geneities, resulting in more severe EPI artifacts.

• Lower brain areas require large matrix sizes for acqui-

sition, but shorter T2* values lead to increased signal

decay and reduced SNR.

Among the 275 human layer-fMRI papers published

between 1997 and 2024, fewer than five focus on low

ventral brain structures (source https://layerfmri.com

/papers).

The goal of this study is to:

1. Characterize a significant limitation of high-resolution

fMRI, referred to as “Fuzzy Ripple artifacts”, that pre-

vent researchers from advancing to use Cartesian EPI

protocols with smaller voxels, shorter TRs, and cover-

age of lower brain areas. The word “Fuzzy” refers to the

unique feature of the artifact. Namely that it manifests

as a local ghost with a low spatial frequency envelope

of phase interference patterns. The image errors are

blurry.

2. Identify the primary cause of this artifact: kx-specifc

EPI trajectory imperfections. And then characterizing

the exacerbation of Fuzzy Ripples with respect to a

number of system imperfections: Including (i) gradient

imperfections caused by inductive coupling between

third-order shim coils and readout gradients, (ii) inter-

actions of relatively high GRAPPA accelerations while

having trajectory imperfections.

3. Implement and test a potential mitigation strategy:

complex-valued averaging of dual-polarity EPI read-

outs, and unplugging the third-order shims.

4. Empirically evaluate whether this mitigation strategy

enables neuroimagers to surpass the current resolution

limits of conventional layer-fMRI protocols, with

respect to TR, voxel size, and imaging of lower brain

areas. Our focus will be on practical aspects in the

most commonly used sub-millimeter fMRI sequences,

specifically the 3D-EPI from DZNE6 with and without

VASO7 and, to some extent, the Multi-Band C2P from

CMRR8 on SIEMENS 7T scanners equipped with the

vendor provided SC72 gradient coil (Siemens Health-

ineers, Forchheim, Germany) which incorporates

third-order shimming capabilities.

1.2 Fuzzy Ripple artifacts are relevant
for the field of layer-fMRI

Previously acquired EPI brain images, shown in Figures 1

and 2, highlight the types of imaging artifacts that pose

limitations for high-resolution fMRI. We refer to these

artifacts as “Fuzzy Ripples”.

Figure 1 illustrates how the severity of these artifacts

increases when conventional layer-fMRI protocols —

featuring 0.8mm resolution— are pushed to smaller

voxels (see Figure S1 for corresponding protocols

pushing to shorter TRs and lower brain areas). While the

conventional protocols (left column) may already show
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F IGURE 1 Fuzzy Ripples are the reason why layer-fMRI is confined to conventional protocols. Fuzzy Ripples are the primary reason

why layer-fMRI is restricted to conventional protocols. Standard layer-fMRI protocols are generally limited to 0.8mm resolution with TRs of

several seconds, focusing on upper cortical brain areas. These limitations cannot be surpassed because, with more ambitious acquisition

protocols. Fuzzy Ripple artifacts become too strong and too frequent. The example shown here exemplifies issues of pushing resolutions

beyond 0.8mm. They refer to 3D-EPI readouts with planar EPI trajectories. See Figure S1 for other sampling schemes of high-resolution

fMRI that amplify Fuzzy Ripple artifacts.

F IGURE 2 Fuzzy Ripples and their impact on layer-fMRI research. The widespread effect of Fuzzy Ripples: Representative EPI images

from the top 10 layer-fMRI laboratories (based on number of publications on www.layerfmri.com/papers): Maastricht, Nijmegen/Essen,

CMRR, NIH, MGH, Amsterdam, Leipzig, Cambridge. Note Utrecht/Tübingen are excluded, as despite being among the top 10 layer-fMRI

laboratories, none of their papers include publicly available layer-fMRI EPI data.

faint artifacts, the right columns demonstrate how these

artifacts can become so severe that the data are rendered

unusable. In the right column, it can be seen that these

artifacts are the primary source of noise, more so than

the thermal noise, which appears as a salt-and-pepper

graininess in the images.

Although these artifacts are most pronounced in more

aggressive protocols, they are also present in conventional
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protocols (0.8mm, upper brain, few seconds TR), although

usually at a lower magnitude that doesn’t necessarily ren-

der the datasets unusable. Instead, they limit scanner

operators’ ability to achieve higher spatiotemporal res-

olutions across different brain areas in the first place.

Figure 2 shows representative high-resolution EPI data

from the top 10 laboratories with the most published

human layer-fMRI papers. Without exception, Fuzzy Rip-

ples are visible in all of them, underscoring the significance

of this artifact for the entire research field.

Across all the EPI brain images shown in panels of

Figures 1 and 2, artifacts share common characteristics.

Specifically, they exhibit local signal intensity deviations at

low spatial frequencies, which can be described as fuzzy

clouds of brighter or darker signals. The darker Fuzzy Rip-

ples are generally more noticeable to the naked eye. While

these artifacts may contain wave-like warble patterns at

higher spatial frequencies, their overall appearance is usu-

ally blurry. The size of the artifacts typically ranges from

5% to 15% of the FOV. In this study, our goal is to iden-

tify the origins of Fuzzy Ripples and explore strategies for

mitigating them.

2 THEORY

2.1 Readout direction specific eddy
currents in ramp-sampled EPI can result
in odd-even ghosts at low spatial
frequencies

In conventional high-resolution Cartesian EPI, as used in

common 2D/Multiband-EPI and 3D-EPI, readout gradi-

ents are driven at their maximum allowed amplitude and

slew rate. This operation pushes the gradients beyond the

regime of vendor-provided optimal eddy current compen-

sation calibration.9

Furthermore, the design of conventional body gradi-

ents is not optimized for high-resolution, encoding-limited

head EPI. As a result, the trapezoidal gradient pulse

shapes heavily depend on data sampling along the slopes,

with ramp sampling fractions reaching up to 78% of the

entire duration of the read pulses. This is outside the

range of conventional vendor-provided EPI ghost correc-

tion methods, which typically assume that gradient delays

can be corrected with line-wise two-parameter phase

correction.1–3 With such high ramp sampling ratios, gra-

dient delays introduce readout direction-dependent phase

offsets that vary significantly throughout the gradient

pulse evolution.

Figure 3A illustrates the gradient shape and trajectory

imperfections for a typical high-resolution EPI protocol.10

It can be seen that the strongest gradient imperfections

occur at the corners of the trapezoidal pulse shapes,

which cannot be adequately corrected for by conventional

vendor-provided Nyquist ghost correction strategies.

Instead, a global phase correction scheme may lead to

residual phase errors that are distributed differently

across representations of low and high spatial frequen-

cies (Figure 3B). In this study, we hypothesized that these

mechanisms may partially contribute to the Fuzzy Ripple

artifacts.

The gradient trajectory imperfections visible in

Figure 3 can be described as “short-term eddy currents”

in the range of 50–500 μs. While the vendor’s tuneup pro-

cedure commonly quantifies five time constants of eddy

currents in the typical range of 0.7ms–5 s, short-term

eddy currents as visible in Figure 3 remain uncorrected in

standard procedures.

2.2 Potential mitigation strategies of
Fuzzy Ripples

2.2.1 Dual-polarity averaging

Combining dual-polarity readouts with complex-valued

averaging on their respective images has been proposed

as a method to reduce odd-even artifacts of two forms:

The odd-even artifacts that arise from gradient delays

and the odd-even artifacts that arise from B0-related

off-resonance effects.11–16 These two forms of odd-even

artifacts are manifested as “edge-ghosts” (high spatial fre-

quency ghosts) in EPI-based fMRI acquisitions. Differ-

ent from those forms of odd-even artifacts, the Fuzzy

Ripple artifact is a higher-order odd-even artifact that

arises from kx-specific (non-global) trajectory imperfec-

tions. Empirically, this higher-order odd-even artifact

seems to be a dominant issue at higher resolutions and

larger GRAPPA factors (Figures 1 and S1). However,

also this higher-order artifact can be addressed with the

mitigation strategies that have been proposed for other

odd-even ghosts.

The principle of this approach is illustrated in

Figure 3B. Reversed readout polarities are expected

to completely invert the k-space shift pattern, mean-

ing that the resulting EPI ghosts should have opposite

phases for each readout polarity and can be effectively

canceled through complex-valued averaging. While

dual-polarity averaging has previously been shown to

mitigate off-resonance induced artifacts in interleaved

multi-shot EPI,15 to some extent, it should be suited tomit-

igate further artifacts related to signal errors that switch

signs or are opposedly shifted in k-space with inverted

readouts. In this study, we explored whether this strategy

can also address low-frequency ripple artifacts.
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F IGURE 3 Concept of Fuzzy Ripples as EPI odd-even delays with ramp sampling with readout (here kx)-specific phase errors. (A)

Gradient imperfections in high-resolution EPI are most prominent at the corners of trapezoids, including both the rising and falling edges.

The nominal EPI trajectory is derived from SIEMENS IDEA simulations, while the measured trajectory is obtained using SKOPE on a

standard SIEMENS 7T MAGNETOM with third-order shimming, at 0.8mm resolution. (The full protocol parameters: https://github.com

/layerfMRI/Sequence_Github/blob/master/Whole_brain_layers/20211012_KE). These data were acquired with a ramp-sampling ratio of

72%. This means that the largest trajectory error of the trapezoid corners is 28% away from the center of k-space. This section of the EPI

sampling represents relatively low spatial frequencies of the image. First-order SKOPE coefficients were used to generate trajectories of linear

gradients. (B) Despite phase correction in the image reconstruction process that are designed for line-by-line delays of conventionally

discussed odd-even artifacts, residual imperfections persist in the part of k-space that encodes lower spatial frequencies. These residual

errors, shown as deviations in kx, manifest as irregular k-space grids for odd and even lines. Such odd-even errors are expected to produce

EPI ghosting artifacts in low spatial frequencies. This study introduces a strategy to address Fuzzy Ripple artifacts by employing a

dual-polarity EPI approach that alternates the read direction every other TR (see Section 3). EPI images with opposite read directions are

anticipated to produce ghosts with opposite phases.

2.2.2 Mitigation of eddy currents
by minimizing inductive coupling between
gradient and third-order shim coils

Recent observations by Boulant et al.17 indicate that

third-order shim coils influence gradient-magnet inter-

actions. Due to the shared geometric symmetry of

the third-order shim coils and the gradients, induc-

tive coupling can occur, leading to compromised

gradient impulse response functions at certain frequen-

cies. We investigated the impact of third-order shims

on Fuzzy Ripples and assessed whether disconnect-

ing the third-order shims could serve as a mitigation

strategy.

3 METHODS

We scanned 38 participants as part of this study, all of

whom provided informed consent. A total of 31 partici-

pants were scanned at the National Institutes of Health

(NIH), while the remaining participants were scanned

during the pilot phases at the University of Maastricht

and the University of California, Berkeley, with each insti-

tution’s local Institutional Review Board (IRB) approval,

in accordance with the Declaration of Helsinki. Com-

plete scanning protocols and sequence parameters are

available here: https://github.com/layerfMRI/Sequence

_Github/. Table 1 summarizes the key protocol parameters

of the experiments described below.
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TABLE 1 Overview of the key parameters in the experiments shown here.

Purpose Figure Echo spacing Seq T Variable of interest Other key parameter

Showing that Fuzzy Ripples

are a substantial constraint

for pushing to higher and

higher resolutions.

1 0.5mm–1.47ms

0.6mm–1.32ms

0.7mm–1.38ms

0.8mm–1.06ms

3D-EPI6 3 Resolution GRAPPA 3, axial

slab, TE= 34ms,

FOV= 169mm

Showing that in

high-resolution protocols,

there can be short-term eddy

currents at rising and falling

corners of ramp sampling EPI.

3 0.98ms 3D-EPI18 7 Trajectory

imperfections

GRAPPA 3, axial whole

brain, TE= 24ms,

resolution= 0.8mm,

FOV= 130mm

Showing how Fuzzy Ripples

are different from other

sources of odd-even ghosts.

4 1.02ms 3D-EPI6 7 GRAPPA, Shim

quality, Ramp sampling

GRAPPA 6 and 1,

axial slab, TE= 26ms,

Ramp sampling on/off

resolution= 1mm

FOV= 400mm

Showing the effect of Fuzzy

Ripples in activation maps.

5 1.0ms 2D-EPI8 7 Third-order shim GRAPPA 3, axial

slab, TE= 26ms,

resolution= 0.8mm

FOV= 175mm

Showing that Fuzzy Ripples

can be mitigated with multiple

independent approaches.

6 1.26ms (unless

otherwise stated)

3D-EPI6 7 Echo spacing,

third-order

shim, dual-polarity

averaging

GRAPPA 3, axial

slab, TE= 25ms,

resolution= 0.8mm

FOV= 175mm

Comparing the existence

of Fuzzy Ripples across 2D

and 3D sequences. This also

allows comparisons of the

proposed mitigation

strategies with DPG.

7 1.01ms 2D-EPI,8

3D-EPI,6

WIP 110519

7 Sequence version GRAPPA 3, axial slab,

resolution= 0.8mm

FOV= 175mm

3.1 Experiments to exemplify
resolution limits at 3T

Most relevant scan parameters include: SIEMENS

Prisma 3T (with XR-gradient set), 3D-EPI with isotropic

resolutions between 0.8 and 0.53mm. The full pro-

tocol is available here: https://github.com/layerfMRI/

Sequence_Github/blob/master/dual-polarity/3T_inverted

_res.pdf Functional activation was induced using a free

movie-watching paradigm, utilizing the same 15-min

movie clips from the 7T HCP study (MOVIE1).

3.2 Large FOV data to compare Fuzzy
Ripples with edge EPI ghosts

Four participants were scanned to compare Fuzzy Ripples

with conventional edge ghosts. A large FOV of 400mm

was used to capture Fuzzy Ripple ghosts independently

of the main signal. The main imaging parameters were

consistent across experiments: 3D-EPI, resolution 1mm

isotropic, TE 26ms, echo spacing 1.02ms, 7 T with SC72

gradient sets. Comparisons were made with and with-

out: GRAPPA, ramp sampling, a good/bad shim, and

dual-polarity averaging, segmentation factors varied

between 2 and 6 to maintain the echo spacing despite

varying GRAPPA acceleration. To mitigate contamination

of physiological noise with in-plane segmented acquisi-

tion, we only used data (volumes in the time series) that

exhibited motion displacement of less than one voxel. Full

protocol is available here: https://github.com/layerfMRI

/Sequence_Github/blob/master/Terra_protocolls/Fuzzy

_ripples/20230424_largeFOV.pdf.

3.3 Auditory activation
with third-order shim induced Fuzzy
Ripples

To illustrate the impact of Fuzzy Ripples on func-

tional time series, task-based activation experiments
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were conducted using the protocols mentioned above.

Functional runs followed previous experiments20 and

consisted of 14min with alternating 30-s blocks of rest

and auditory stimulation. Sounds were delivered using

MRI-compatible ear buds from Sensimetrics Corporation

(www.sens.com), with tones described as “Chipmunks

from space”. Sound sample available here: https://youtu

.be/TGX_Ulbv9wA?si=VuhMcQj_vDYkibhc. Four exper-

iments were conducted with two participants each

participating twice. Protocol parameters included: 0.8mm

resolution, 2D-multiband sequence from CMRR,8 echo

spacing 1.0ms, TE 26ms, 7T with SC72 gradient sets.

Full protocol details are available here: https://github

.com/layerfMRI/Sequence_Github/blob/master/Terra

_protocolls/Fuzzy_ripples/CMRR_ax_1156_slab.pdf.

Short runs of 50 images were repeated during rest with

andwithout third-order shimswith opposing phase encod-

ing direction. This was done to quantify the amount of

geometric distortions in the Supplementary Material.

3.4 Alternative mitigation strategies of
Fuzzy Ripples

3.4.1 Comparing Fuzzy Ripples across echo
spacings and sequences

Six participants were examined to compare Fuzzy Rip-

ples across various echo spacings in popular layer-fMRI

sequences: 3D-EPI,6 CMRRMultiband 2DEPI,8 SIEMENS

SMS 2D-EPI, and Dual Polarity GRAPPA (DPG) WIP

1105D.19 These experiments were conducted on SIEMENS

7T Terra scanners. Six sessions were carried out on the

7T Terra scanner at NIMH, with two participants addi-

tionally scanned on the NMRF Terra. Parameters such as

resolution, TR, TE, acceleration, and FOV were matched

across echo spacings, with axial slabs covering the tem-

poral lobes using 36 slices. Echo spacings varied between

1 and 1.26ms. Full protocol details are available here:

https://github.com/layerfMRI/Sequence_Github/blob/ma

ster/Terra_protocolls/3rd_order_shim/20240528_thirdord

ershim_siemens.pdf.

3.4.2 Sequence comparison with DPG data

We conducted experiments with seven participants

to demonstrate the differences between the proposed

dual-polarity averaging and the previously proposed

dual-polarity GRAPPA (DPG) method.19 In the DPG

approach, differences between read directions across odd

and even EPI lines are corrected for by using a GRAPPA

method, where GRAPPA reference data are acquired with

two polarities to train separate GRAPPA kernels for odd

and even lines. This approach addresses higher-order

phase differences more effectively than conventional

EPI corrections, particularly mitigating edge ghosts and

B0-related artifacts. However, DPG does not target tra-

jectory errors as shown in Figure 3. Namely, DPG uses

an RF-related reconstruction approach to account for

gradient related imperfections which are represented at

different scales in k-space. DPG uses a GRAPPA kernel

of finite size to characterize odd-even mismatches along

the entirety of the read line. Thus, sparse odd-even gra-

dient errors during the read lines cannot be accounted

for with DPG. These sparse gradient errors would cor-

respond to lasting but spatiotemporal varying kx shifts

(phase mismatch). The read gradient errors that are

less sparse might be correctable with DPG to some

degree, though.

Due to the available implementation of the DPG

method via the SIEMENS WIP package 1105 (VE12U)

2D-SMS EPI, we compared our 3D-EPI dual-polarity

averaging implementation with this 2D implementation.

We matched echo spacing, resolution, acceleration, TE,

and FOV across both sequences. Note that the sequences

might use different reconstruction pipelines. Full protocol

details are available here: https://github.com/layerfMRI

/Sequence_Github/blob/master/Terra_protocolls/Fuzzy

_ripples/20230706_segmentationVSGRAPPA.pdf.

3.5 Analysis: Image reconstruction,
motion correction, dual-polarity averaging,
and activation detection

MRI data were reconstructed on the scanner using

MOSAIC.21 Dual-polarity averaging of complex-valued

images was performed offline between odd and even TRs

following motion correction to allow analysis of both aver-

aged and raw images.

Motion correction was performed in AFNI (version

AFNI_23.2.04) with 3dAllineate. BOLD correction of

VASO data was performed in LayNii22 (version v2.7.0).

Auditory fMRI datawere denoisedwithNORDIC23 as opti-

mized and described for this sequence by Knusden et al.24

Functional activation analyses were performed with gen-

eral linear model (GLM) implementation of AFNI’s 3dDe-

convolve. Layerification was performed in LayNii with

the equi-volume principle in LN2_LAYERS. All analy-

sis scripts are available on Github: https://github.com

/layerfMRI/repository. This includes a full script of the

preprocessing including complex-valued motion correc-

tion and subsequent dual-polarity averaging is available

on github: https://github.com/layerfMRI/repository/tree

/master/Fuzzy_Ripples.
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3.6 Ethics statement

The scanning procedures at 3T have been approved by

the Ethics Review Committee for Psychology and Neu-

roscience (ERCPN) at Maastricht University, following

the principles expressed in the Declaration of Helsinki.

7T results were acquired under the NIH-IRB (93-M0170,

ClinicalTrials.gov: NCT00001360). We thank Shruti Japee

for guidance and support with respect to getting privileges

for checking pregnancy tests and IRB.

4 RESULTS

4.1 Characterization of Fuzzy Ripples
compared to other EPI ghosts

According to the theory of ramp-sampling EPI, as sum-

marized in Figure 3, Fuzzy Ripples can be described as

a result from gradient trajectory imperfections, distinct

from off-resonance-induced Nyquist ghosts. Figures 4 and

S2, S12, S13 highlight the different spatial characteristics

of Fuzzy Ripples compared to conventional edge ghosts.

It is visible that Fuzzy Ripples are significantly reduced

when EPI trajectories do not use ramp sampling (see

Figure 4A,D). In such cases, eddy currents are expected to

have largely decayed by the time kx-coordinates with high

signal power are acquired, leading to edge ghosting being

the primary source of artifacts (Figure 4D).

Conversely, when ramp sampling is employed, along

with the associated trajectory imperfections closer to

the center of k-space, Fuzzy Ripples become more

pronounced (Figure 4C). These aliasing patterns are

further exacerbated when GRAPPA is used. However,

dual-polarity averaging effectivelymitigates Fuzzy Ripples

(Figure 4E).

The findings depicted in Figures 4 and S2, S12, S13

support the idea that Fuzzy Ripples arise from trajec-

tory imperfections linked to eddy currents, rather than

from conventional B0-related off-resonance effects. How-

ever, these results do not provide insights into the specific

origins of these eddy currents.

4.2 Origin of readout-specific eddy
currents

Our investigations, informed by findings from Boulant

et al.17 on a 11.7T scanner, suggest that inductive cou-

pling between third-order shim coils and gradient systems

can produce significant eddy currents at certain switching

rates. Even when EPI Fuzzy Ripple ghosts are relatively

mild, respiration-induced B0 fluctuations during fMRI can

cause alternating constructive anddestructive interference

between the main signal and the ghost, potentially reduc-

ing fMRI stability and detection sensitivity.

To explore the impact of third-order shim coils on

high-resolution fMRI stability, we compared task-based

activationmaps obtainedwith andwithout the third-order

shims. As shown in Figures 5 and S3, Fuzzy Ripples

(indicated by white arrows) are present in areas where

there is minimal significant fMRI activity. Unplugging

the third-order shims reduced this artifact. As shown in

Figure S9, geometrical distortions are not significantly

worse with third-order shims being disconnected.

4.3 Mitigation strategies of Fuzzy
Ripples across echo spacings

The results shown in Figures 4 and 5 indicate that Fuzzy

Ripples can be mitigated through dual-polarity averag-

ing and by disabling the third-order shim, respectively.

To evaluate the effectiveness of these mitigation strategies

across a broader range of potential fMRI acquisition pro-

tocols, we tested them over various EPI echo spacings.

The results, presented in Figures 6 and S4, S5, demon-

strate the outcomes of these experiments. It is visible

that Fuzzy Ripples are most pronounced at echo spac-

ings around 1.26 and 1ms. The 1.26ms echo spacing

may be related to the fact that the third harmonic of the

EPI wave form (1190Hz) is overlapping with a mechan-

ical resonance of the x/y direction of the SC72 gradient

(1100± 150Hz). The 1ms echo spacing is relatively close

to the “forbidden frequencies” (570± 20–30Hz), but safely

far enough away from them. This echo spacing is pop-

ular in application-focus layer-fMRI studies for its time

efficiency allowing shortest TRs. The results show that

these Fuzzy ripples are mitigated when the third-order

shims are unplugged (Figure 6B). Additionally, even with

the third-order shims enabled, dual-polarity averaging can

reduce the Fuzzy Ripples at the most problematic echo

spacing of 1.26ms (Figure 6C).

4.4 Comparison with other
dual-polarity approaches

We evaluated the efficiency of dual-polarity averaging in

comparison to other methods promoted for mitigating

EPI ghosting in high-resolution UHF protocols. These

tests were performed with the third-order shim con-

nected and an echo spacing of 1.01ms. Such protocols

are commonly used in layer-fMRI because they enable

the fastest acquisition times, shortest TE, and matrix sizes

of 250–300.
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F IGURE 4 Interaction of Fuzzy Ripples with other common EPI artifacts: GRAPPA ghosts and static off-resonance ghosts. This figure

illustrates EPI acquisitions with different combinations of ramp sampling, poor B0 shim, and GRAPPA. The unusually large FOV was

purposefully chosen to detect peripheral ghost artifacts. Signal differences between reverse EPI polarity images are shown to emphasize

spatial ghost patterns that might be too subtle to observe with conventional image intensity windowing. The read direction in left–right,

phase encoding direction is anterior–posterior. (A) Without ramp sampling, imaging data are acquired only during the flat top of the gradient

waveform. This minimizes the impact of large gradient errors, resulting in relatively weak Fuzzy Ripples in the EPI images. (B) With ramp

sampling enabled, EPI becomes more sensitive to the largest gradient errors, causing Fuzzy Ripples to intensify. These ripples appear as

aliasing of low spatial frequencies, with no sharp edges evident in the phase encoding direction. (C) GRAPPA, which relies on a known

aliasing pattern, is affected by erroneous Fuzzy Ripple ghosts and thus amplifies their impact. (D) This differs from static off-resonance

effects. For instance, with suboptimal shimming (deliberately altered in this case), the off-resonance effects do not amplify the low-spatial

frequency Fuzzy Ripples. Instead, they introduce edge ghosts at high spatial frequencies, which differ from Fuzzy Ripples in their

appearance. (E) The dual-polarity averaging approach effectively mitigates both sources of artifacts. The resulting images are nearly

artifact-free. Acquisition parameters of data presented here are mentioned in methods Section 3.3. See Figures S2, S12, and S13 for the

reproducibility of these results in participants and on another scanners.

Figure 7A shows a 2D-EPI image using the CMRR

multiband sequence, where Fuzzy Ripples (highlighted

by green ellipses) are visible. Figure 7B illustrates the

use of the dual-polarity GRAPPA sequence, as concep-

tualized by Hoge et al.19 and distributed for SIEMENS

VE as part of the WIP package 1105. This approach

reduces some aspects of EPI artifacts very effectively.

However, fuzzy dark shading patterns (green ellipses)

remain, even with the application of DPG. A kx-specific

dual-polarity GRAPPA kernel may mitigate these resid-

ual Fuzzy Ripples more effectively.25 Specifically, the

so-called field-correcting GRAPPA (FCG) might be able

to optimize artifact mitigation without compromises

in tSNR.26
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F IGURE 5 Impact of third-order shim-induced Fuzzy Ripples on fMRI activation detectability. This figure demonstrates how Fuzzy

Ripples, induced by the third-order shim, can affect the detectability of fMRI activation. These data refer to 2D-EPI with block designed

auditory activation with NORDIC denoising. When the third-order shim is connected, the Fuzzy Ripples can be so pronounced that they mask

parts of the auditory activation, preventing it from reaching the detection threshold. White arrows indicate areas where the Fuzzy Ripples are

more intense with the third-order shim engaged. These comparisons are performed with single-polarity EPI acquisitions. Although Fuzzy

Ripples are still present when the third-order shim is disconnected, they are less severe. These residual Fuzzy Ripples that are potentially

arising from uncorrected short-term eddy currents can potentially be reduced with dual-polarity averaging. Acquisition parameters of data

presented here are mentioned in methods Section 3.4. See Figure S3 for a replication of these findings in a different participant.

However, the data DPG as shown here, exhibit a lower

temporal SNR (tSNR) compared to single-polarity data.

This reduction in tSNR has previously been hypothe-

sized to be related to the “Sodickson paradox,” which

occurs when using larger GRAPPA kernel sizes and

less GRAPPA fit regularization. With publicly available

reconstruction code that allows for the optimization

of GRAPPA parameters, this tSNR reduction might be

addressable.

For 3D-EPI, which we employed in the

dual-polarity averaging approach (Figure 7C,D), we

observed that Fuzzy Ripples can be more effectively

mitigated.

Note that the panels presented here refer to 2D-EPI

and 3D-EPI, respectively. While the respective sequences

have different T1-steady-states and tSNR, the in-plane

EPI readout constraints are identical. That is, 3D-EPI

is just added averaging or increased FOV. This means

that the occurrence of Fuzzy Ripples across 2D- and

3D-EPI are expected to be identical. Here, we used a

combination of methods because of different availabil-

ity of desired debugging features of widely available

sequence baselines (DPG reconstruction, dual polar-

ity, adjustable ramp sampling, and combinability

with VASO).

4.5 Applications of dual-polarity EPI
in protocols challenged by Fuzzy Ripples

The results presented in Figures 5–7 demonstrate that the

proposed mitigation strategies, including dual-polarity

averaging and disconnecting third-order shims, can effec-

tively reduce Fuzzy Ripple artifacts. This suggests the

possibility of utilizing layer-fMRI protocols that were pre-

viously hindered by Fuzzy Ripples. To illustrate the utility

of these mitigation strategies, we applied them to a series

of layer-fMRI protocols that were previously unattain-

able: (1) higher spatial resolution, (2) faster sampling

with aggressive acceleration, and (3) targeting lower brain

areas.

Figures S7 and S8 present several examples, includ-

ing 0.65mm resolution at 3 T, whole-brain coverage at

0.64mm with GRAPPA 2 × 3, and submillimeter fMRI in

the cerebellum, among others.

5 DISCUSSION

In this project, we investigate a prominent artifact of

high-resolution Cartesian EPI termed as Fuzzy Ripples,

that is, low spatial frequency signal shadings.
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F IGURE 6 Third-order shim-induced Fuzzy Ripples as a function of echo spacing, dual-polarity averaging, third-order shim. (A) The

Fuzzy Ripple artifact varies with the echo spacing of the EPI readout. Consequently, the strength of this artifact can be reduced by adjusting

the readout protocol, although such adjustments may compromise TE and readout efficiency. The adjustment of echo spacing comes along

with a different ramp sampling ratio, which can also affect the amount of Fuzzy Ripples. (B) The Fuzzy Ripples induced by the third-order

shim can be mitigated by disconnecting its circuit. Opening this circuit reduces the inductive coupling between the third-order shim and the

gradient and reduces Fuzzy Ripple artifacts. (C) As indicated by Figures 3 and 4, dual-polarity averaging can counteract the Fuzzy Ripples

induced by the third-order shim. This approach can mitigate Fuzzy Ripples, even for the most problematic echo spacings with the third-order

shim still connected. Though, faint residual Fuzzy Ripples remain. Acquisition parameters of data presented here are mentioned in methods

Section 3.5. Figure S4 presents a reproduction of the results shown here.

Based on a meta-analysis and experiments involving

the gradual increase of spatiotemporal resolution across

different brain areas (Figures 1 and 2), we propose that the

FuzzyRipple artifact is notmerely aminor issue in conven-

tional layer-fMRI protocols (0.8mm, 2–4 s TRs). Instead,

Fuzzy Ripples represent a significant source of noise in

submillimeter fMRI and pose a greater challenge than

thermal noise.

Our empirical studies yielded results that support

the hypothesis that Fuzzy Ripples are largely caused

by eddy currents in ramp-sampling EPI, which lead to

kx-specific imperfections in gradient trajectories. In the

most advanced SIEMENS whole-body scanners, these

eddy currents are largely induced by interactions with

the third-order shim. But at a smaller extent, short-term

eddy currents can also be the cause of Fuzzy Ripples in

scanners without third-order shims. These Fuzzy Ripples

are exacerbated in the presence of B0 inhomogeneities (as

commonly found in lower brain areas), and aggressive

GRAPPA accelerations.

We found that the magnitude of Fuzzy Ripples can

be reduced using several strategies: (1) disconnecting

third-order shims and (2) employing dual-polarity aver-

aging. These approaches enable image acquisition that

surpasses the current limitations of resolution, sampling

rates, and slice prescriptions.

5.1 Significance of exceeding current
limits in resolution, sampling rates,
and flexible slice prescriptions

We have demonstrated that effective strategies can miti-

gate the Fuzzy Ripple artifact and extend the boundaries

of current layer-fMRI protocols. This advancement has sig-

nificant implications for studying directional neural infor-

mation flow within and across brain systems in living

humans.

5.1.1 Importance of resolution

While conventional layer-fMRI resolutions of 0.8mm

isotropic allow researchers to subsample fMRI activity
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F IGURE 7 Dual-polarity averaging with respect to other popular sequences. All sequences are used with the same resolution, echo

spacing, and acceleration parameters. (A) This panel shows the CMRR multiband sequence with these protocols, where off-resonance effects

and Fuzzy Ripple artifacts are clearly visible. (B) This panel displays the MGH simultaneous multi-slice sequence with the option of

dual-polarity GRAPPA. While off-resonance effects are mitigated, Fuzzy Ripple artifacts, though reduced, remain visible. For more in-depth

investigations of the capability of DPG to account for Fuzzy Ripple artifacts, see Figures S10 and S11. (C) This panel illustrates the same

protocols using 3D-EPI. Due to its different Mz steady-state behavior, 3D-EPI inherently has a higher SNR. Additionally, off-resonance effects

are less noticeable, as they are smeared and partially averaged out. However, 3D-EPI still suffers from Fuzzy Ripples. (D) This panel depicts

3D-EPI with dual-polarity averaging. It is visible that Fuzzy Ripples are effectively mitigated. Acquisition parameters of data presented here

are mentioned in methods Section 3.5. Figures S5 and S6 presents a reproduction of the results shown here.

from different laminar neural populations with varying

degrees of partial volume effects, these resolutions repre-

sent the bare minimum required. Such resolutions do not

permit accurate delineation of structural borders without

significant partial voluming, nor do they enable the cap-

ture of cytoarchitectonically distinct cortical layers with

spatial Nyquist sampling. Fuzzy Ripple mitigation strate-

gies allow us to overcome this limit (practical examples

shown in Figures S7 and S8). Achieving a 0.46mm resolu-

tion on conventional 7T scanners (Figure S8A)would facil-

itate the direct observation of laminar activation across

the cortical ribbon, addressing some of the criticisms faced

by the layer-fMRI field.27 Furthermore, achieving a res-

olution of 0.53mm at 3T (Figure S8A) would help dis-

seminate layer-fMRI beyond the approximately 125 neu-

roimaging centers worldwide that are equipped with 7T

MRI scanners.21

5.1.2 Importance of fast sampling

Recently, 0.8mm layer-fMRI has been successfully applied

with very fast sub-second acquisition windows.28–31 How-

ever, due to the current acquisition constraints related to

Fuzzy Ripples, such fast sampling rates have only been

possible with small FOVs. While fast whole-brain imag-

ing is achievable, it is currently limited by Fuzzy Ripple

artifacts.10 The mitigation methods proposed here could

make fast whole-brain imaging possible with reduced

Fuzzy Ripples (practical examples shown in Figures S7

and S8). For example, dual-polarity averaging has enabled

whole-brain fMRI at 0.6mm resolutions5 and whole-brain

quantitative functional T1 mapping.32

5.1.3 Importance of lower brain areas

While significant progress has been made in imaging the

upper regions of the brain, as evidenced by over 270 pub-

lished papers, the lower brain areas remainunderexplored,

hindering the application of whole-brain layer-fMRI. Only

3.4% of these publications (www.layerfmri.com/papers)

have investigated the lower brain areas, preventing

layer-fMRI from fulfilling its promise of providing a

comprehensive whole-brain functional directional con-

nectome. Numerous important neuroscientific hypotheses

involving these lower brain areas remain untested. We are

optimistic that themitigation of Fuzzy Ripple artifacts will

pave the way for testing these hypotheses. Some examples

include:
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• Different layers in the entorhinal cortex, hippocam-

pus, and parahippocampal regions are responsible for

memory encoding and retrieval.33,34

• Different layers in the fusiform face area (FFA)

and parahippocampal place area (PPA) receive

feedforward-feedback input for neural representations

of faces and places.35–38

• Different laminar sub-nuclei of the amygdala are

involved in visual perception related to emotionalmem-

ory versus emotional context.39

• Unique lobules of the cerebellum contain sensorimotor

digit representations.40

Fuzzy Ripple mitigation strategies allow us to over-

come these limits (practical examples shown in Figures S7

and S8).

5.2 Disadvantages of proposed
mitigation strategies

Throughout this study, we explored various independent

strategies for mitigating Fuzzy Ripple artifacts, with a

focus on dual-polarity EPI averaging and disconnecting

third-order shims. While these strategies show promise in

pushing the boundaries of conventional fMRI protocols,

they come with certain compromises.

5.2.1 Unplugging third-order shim

Unplugging the third-order shim is a straightforward pro-

cedure, supported by vendor-provided workflows (refer

to www.layerfmri.com/3rdordershim for workflows appli-

cable to 7T Terra and 7T Plus scanners). However, this

procedure requires a system reboot that takes 10–15min,

which could result in additional costs due to scanner time

budgeting. Moreover, some imaging centers are under the

false impression that this modification would mean that

the scanner would not be in the United States Food and

Drug Administration (FDA)-approved configuration any-

more. And there are unfounded institutional worries that

unplugging the third-order shim would have an effect on

previously saved imaging protocols. Another drawback of

unplugging the third-order shim is that it may leave fine

spatial variations in B0 inhomogeneities uncorrected.

5.2.2 Complex-valued averaging
of dual-polarity EPI

We propose acquiring EPI time series with alternating

read polarity, followed by complex-valued averaging of

corresponding image pairs. When this averaging is con-

ducted for consecutive pairs of images, the resulting aver-

aged data have half the temporal resolution. When this

averaging is rather implemented as a sliding window

approach, the number of TRs per run is not reduced. How-

ever, this slidingwindow approachmay still lead to tempo-

ral blurring of signal fluctuations and decouple the fMRI

TR from the effective temporal resolution. However, this

limitation can be addressed by refraining from pairwise

averaging and instead utilizing alternative reconstruction

methods:

1. The dual-polarity approach can be implemented on

a calibration-based, run-by-run basis. In this method,

phase correction is applied independently to each indi-

vidual TR without sliding-window averaging, which

avoids temporal smoothing but does not account for

temporally varying Fuzzy Ripples. This approach is

demonstrated in SteenMoller’s implementation within

the CMRRMB sequence.41

2. Van der Zwaag et al.13 introduced the “CP” approach,

where the phase difference of each TR pair is estimated

separately and applied as a convolution in the projec-

tion space, with alternating signs for odd and even TRs.

This method prevents temporal smoothing but requires

more substantial changes in image reconstruction.

3. Alternatively, one could forgo pairwise averaging and

instead account for Fuzzy Ripples in alternating EPI

acquisitions through a regression approach during

functional activation analysis (as the artifacts alternate

between odd/even TRs). This strategy is only feasible

if the stimulation and task design are not locked to

odd/even TRs.

4. Alternatively, the measured trajectory imperfections

could be used in a 1D non-Cartesian reconstruction

model, which could solve the artifact without the need

for dual-polarity calibration.

5.2.3 Adjusting echo spacing

During our experiments that were aimed at characteriz-

ing the spatial features of Fuzzy Ripples relative to other

artifacts, we identified additional scan parameters that

may warrant further investigation as potential mitigation

strategies for Fuzzy Ripples. These include avoiding ramp

sampling (Figures 4 and S2, S12, S13), avoiding GRAPPA

(Figures 4 and S2, S12, S13), and adjusting echo spacing

(Figures 6 and S4, S5). While ramp sampling and GRAPPA

are essential components of modern, efficient fMRI proto-

cols, further exploration of echo spacing adjustments may

be justified to quantify its effectiveness as a Fuzzy Ripple

mitigation strategy.
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Fine-tuning echo spacing is a common optimization

step performed during the piloting phase of any layer-fMRI

protocol. This process is often undertaken to avoid overlap

with mechanical resonances of the main EPI frequency or

potential sidebands from non-sinusoidal gradient pulses.

This study underscores the importance of such optimiza-

tions and suggests that echo spacing should also be opti-

mized specifically for Fuzzy Ripple artifacts. However, this

approach is constrained by the desired TEs. For matrix

sizes greater than 200, the tradeoff in TE could be as large

as 3–12ms, potentially leading to increased signal decay,

blurring, and spatial distortions.

5.2.4 Potential reconstruction
with measured trajectories

In this study, we used the SKOPE field camera in initial

phantom experiments to obtain a well-defined research

question and to conceptualize the dimensionality of the

problem we wanted to address. These measured k-space

trajectories, however, might also have utility in poten-

tial future reconstruction pipeline in application-focused

fMRI data themselves. For example, in the future,

trajectory mapping (e.g., with SKOPE) might become

morewidely available to application-focused neuroscience

imaging centers and field-specific nonlinear 3D-EPI recon-

struction methods will become efficient enough for real

time efficiency. Then, Fuzzy Ripples can also be solved in

a forward reconstruction model without the need of the

strategies discussed here.

5.2.5 Potential filtering with UNFOLD

Outside of the field of layer-fMRI, EPI artifacts in car-

diac imaging have been proposed to be accounted for by

Unaliasing by Fourier-Encoding the Overlaps Using the

Temporal Dimension (UNFOLD).42 This artifact mitiga-

tion approach has been developed to address EPI prob-

lems, when the underlying signals vary during the acqui-

sition of a single volume acquisition. It has been further

developed for use in self-references DPG imaging.43 Mak-

ing it comparatively similar to virtual “interleaved flyback”

approach.15 The main commonly discussed disadvantage

of the application of UNFOLD is the potential of limit-

ing noise amplification when using high acceleration fac-

tors. In the case of thermal noise limited high-resolution

fMRI, the supralinear noise amplifications with accelera-

tion (g-factor >1) outweighs the higher temporal resolu-

tion and image and sample counts.

An additional concern with UNFOLD-based fMRI

reconstruction has been discussed in the literature.44

Namely, a transient head position change at a single imag-

ing time point may be translated to artifacts in multi-

ple imaging time points through temporal-domain data

filtering.

Future work of combining UNFOLD into one of the

commonly used sequences in the field of layer-fMRI will

be able to quantify the utility of this approach within the

thermal noise limited regime of sub-millimeter resolu-

tion fMRI.

6 CONCLUSIONS

In this study, we have characterized a significant EPI arti-

fact termed as Fuzzy Ripples, which poses a substantial

limitation for laminar imaging. This low spatial resolution

EPI ghosting artifact is caused by trajectory imperfections

in ramp sampling EPI, restricting achievable spatial reso-

lution, sampling efficiency, and flexibility of FOV prescrip-

tions. Based on the insights of the origin of this artifact

from this study, we proposed several mitigation strategies,

including dual-polarity EPI and disconnecting third-order

shims. Our findings indicate that these strategies can effec-

tively mitigate Fuzzy Ripple artifacts, thereby extending

the capabilities of layer-fMRI acquisition protocols.
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SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of the article at the publisher’s website.

Figure S1.Depicts how Fuzzy ripples are keeping us from

achieving higher resolutions, shorter TRs, and lower brain

areas.

Figure S2, S12, S13. Shows how Fuzzy Ripples are differ-

ent from other EPI ghostings.

Figure S3. Shows how Fuzzy Ripples compromise task

activation maps.

Figures S4-S6. Show that the results are generalizable

across scanners and participants.

Figures S7-S8. Show applications of the proposedmethod

for higher resolution, lower brain areas, and faster sam-

pling.

Figures S9. Depicts the effect of third order shims on

Fuzzy Ripples.

Figures S10-S11. Depict the effect of DPG on Fuzzy

Ripples.

How to cite this article: Huber LR, Stirnberg R,

Morgan AT, et al. Short-term gradient imperfections

in high-resolution EPI lead to Fuzzy

Ripple artifacts.Magn Reson Med. 2025;94:571-587.

doi: 10.1002/mrm.30489

 1
5
2
2
2
5
9
4
, 2

0
2
5
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

rm
.3

0
4
8
9
 b

y
 D

eu
tsch

es Z
en

tru
m

 fu
r N

eu
ro

d
eg

en
era E

rk
ran

k
u
n
g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

5
/0

6
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n
s L

icen
se


