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Abstract

Looping Star is a near-silent, multi-echo, 3D functional magnetic resonance imaging
(fMRI) technique. It reduces acoustic noise by at least 25dBA, with respect to gradient-
recalled echo echo-planar imaging (GRE-EPI)-based fMRI. Looping Star has successfully
demonstrated sensitivity to the cerebral blood-oxygen-level-dependent (BOLD)
response during block design paradigms but has not been applied to event-related audi-
tory perception tasks. Demonstrating Looping Star's sensitivity to such tasks could
(a) provide new insights into auditory processing studies, (b) minimise the need for inva-
sive ear protection, and (c) facilitate the translation of numerous fMRI studies to investi-
gations in sound-averse patients. We aimed to demonstrate, for the first time, that
multi-echo Looping Star has sufficient sensitivity to the BOLD response, compared to
that of GRE-EPI, during a well-established event-related auditory discrimination para-
digm: the “oddball” task. We also present the first quantitative evaluation of Looping
Star's test-retest reliability using the intra-class correlation coefficient. Twelve partici-
pants were scanned using single-echo GRE-EPI and multi-echo Looping Star fMRI in
two sessions. Random-effects analyses were performed, evaluating the overall response
to tones and differential tone recognition, and intermodality analyses were computed.
We found that multi-echo Looping Star exhibited consistent sensitivity to auditory stim-
ulation relative to GRE-EPI. However, Looping Star demonstrated lower test-retest reli-
ability in comparison with GRE-EPI. This could reflect differences in functional
sensitivity between the techniques, though further study is necessary with additional
cognitive paradigms as varying cognitive strategies between sessions may arise from

elimination of acoustic scanner noise.
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1 | INTRODUCTION

The inherent acoustic noise of conventional functional magnetic reso-
nance imaging (fMRI), carried out using gradient-recalled echo
echo-planar imaging (GRE-EPI), is often intolerably high, commonly
achieving sound levels greater than 100dBA (Price, De Wilde,
Papadaki, Curran, & Kitney, 2001; Ravicz, Melcher, Kiang, & N., 2000).
At these levels, severe hearing damage can occur without ear protec-
tion. During GRE-EPI, this acoustic noise originates primarily from the
rapid switching of the frequency encoding magnetic field gradient
(from near maximum negative to near maximum positive and vice-
versa), necessary for fast two-dimensional slice-by-slice imaging. This
switching induces high-frequency mechanical vibrations in the scan-
ner hardware, which fall within the acoustic spectrum (Price
et al., 2001).

This high acoustic scanner noise impacts the interpretation of the
mechanisms behind auditory processing in fMRI studies. For example,
Yakunina et al. (2015) showed that the auditory connectivity network
differed during a music listening task when a quieter, sparse-sampling
fMRI acquisition technique was used, in comparison with using con-
ventional, noisy, continuous acquisition. Langers, Van Dijk, and Bac-
kes (2005) also showed the influence of background scanner noise on
the haemodynamic response during auditory tone presentation, using
a variable-length silent gap fMRI acquisition method. Moreover, Gaab,
Gabrieli, and Glover (2007) demonstrated the masking effect of scan-
ner background noise on blood-oxygen-level-dependent (BOLD) sig-
nal in response to word stimuli. The impact of acoustic scanner noise
on auditory processes has been supported by further studies (Healy,
Moser, Morrow-Odom, Hall, & Fridriksson, 2007; Scarff, Dort,
Eggermont, & Goodyear, 2004; Shah, Jancke, Grosse-Ruyken, &
Muiller-Gartner, 1999).

Background scanner noise can also impose limitations to the
generalisability of studies across numerous cohorts. For example, con-
ditions such as tinnitus can include symptoms of hypersensitivity to
sound (or hyperacusis) (Baguley, 2003; Chen et al., 2015). fMRI stud-
ies have been performed with this cohort, however participants with
hyperacusis are often excluded (Araneda et al., 2018; Golm, Schmidt-
Samoa, Dechent, & Kroner-Herwig, 2013; Han et al., 2018; Hofmeier
et al., 2018; Leaver et al., 2011) and in some instances there is diffi-
culty in disentangling whether activity patterns result from the stimu-
lus or the acoustic scanner noise (Ghazaleh et al., 2017; Gu, Halpin,
Nam, Levine, & Melcher, 2010; Husain & Schmidt, 2014,
Lanting, De Kleine, & Van Dijk, 2009; Leaver, Seydell-Greenwald, &
Rauschecker, 2016; Seydell-Greenwald et al., 2012). Given that
hyperacusis is also heterogeneously prevalent in further cohorts, such
as in individuals with autism spectrum disorder (Stiegler &
Davis, 2010) and in children (Rosing, Schmidt, Wedderkopp, &
Baguley, 2016), mitigating background scanner acoustic noise could
greatly improve standardisation across numerous clinical groups.

To date, conventional methods for addressing this high acoustic
scanner noise have revolved around the retention of GRE-EPI acquisi-
tion sequences, due to their functional sensitivity and spatiotemporal

resolution. One example of this was presented by Seifritz et al. (2006),

where they tuned the GRE-EPI pulse sequence to alter the characteris-
tics of the acoustic noise, but the noise amplitude remained comparable
to conventional GRE-EPI. The primary strategy is to ask participants to
employ earplugs during scanning, however effective sound attenuation
relies on their correct application, hence there remains a risk of hearing
damage (Salvi & Sheppard, 2018; Sheppard, Chen, & Salvi, 2018). Alter-
native strategies for scanner acoustic noise reduction involve adapting
the GRE-EPI pulse sequence, for example via band-limited gradient
pulses (Hennel, Girard, & Loenneker, 1999) and sparse temporal sam-
pling (Hall et al., 1999). A number of early scanner noise reduction tech-
niques were reviewed by Moelker and Pattynama (2003). Hardware
improvements have also been explored, such as gradient coil isolation
(Edelstein et al., 2002), and there has recently been increased use of
active noise-cancelling headphones (Dewey et al., 2018; Gabrielsen
et al, 2018), although these strategies can be financially costly and
therefore not widely applicable across studies. Ultimately, there is no
specific optimal workflow or acquisition technique applicable across
sites and paradigms to reduce the potential confound and limitations of
acoustic scanner noise at its source.

To address these issues, we present the application of a recently
developed silent pulse sequence known as Looping Star (Wiesinger,
Menini, & Solana, 2019). This technique could mitigate the need for
earplugs, improve accessibility to the scanning environment and
remove the acoustic noise confound. Looping Star (LS) is based on a
technique known as Rotating Ultra-Fast Imaging Sequence (RUFIS)
(Madio & Lowe, 1995), which reduces the effect of vibrations induced
by gradient switching by making small incremental changes in the
direction (but not the amplitude) of the frequency encoding gradients
of the readout. Looping Star is a modification of RUFIS in which a
temporal-multiplexed gradient refocusing mechanism is employed
(Wiesinger et al., 2019), allowing the transverse component of the
magnetisation to evolve by returning periodically to the centre of
k-space. As a result, it remains sensitive to static T,* dephasing as in
GRE-EPI and can achieve multi-echo acquisition without the need for
magnetisation preparation pulses (Solana, Menini, Sacolick, Hehn, &
Wiesinger, 2016). A detailed description of the Looping Star method-
ology can be found in Wiesinger et al. (2019).

To date, Looping Star has proven sensitive to the BOLD response
evoked by periodic blocks of sensory stimuli (Damestani et al., 2019a;
Wiesinger et al., 2019), visual working memory (Dionisio-Parra,
Wiesinger, Sdmann, Czisch, & Solana, 2020) and in the “resting” state
(Damestani et al., 2019b; Dionisio-Parra et al., 2020). However,
Looping Star has not been evaluated using event-related fMRI para-
digms, including those of an auditory nature, which are able to probe
aspects of cognition in a manner not possible using block-designs.
One such paradigm is the active “oddball” task (Squires, Squires, &
Hillyard, 1975), an important auditory discrimination paradigm that
has been used extensively in several studies using both EEG (Barry,
Kirkaikul, & Hodder, 2000; Justen & Herbert, 2018; Wronka, Kaiser, &
Coenen, 2008) and fMRI (Brazdil et al., 2005; Mangalathu-Arumana,
Beardsley, & Liebenthal, 2012). It is particularly relevant in the study
of cognitive deficits in participants with autism spectrum disorder

(ASD), as these individuals have shown reduced performance during
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similar tasks when compared with healthy controls (Dawson, Finley,
Phillips, & Galpert, 1986; Dawson, Finley, Phillips, Galpert, &
Lewy, 1988; Oades, Walker, Geffen, & Stern, 1988).

Importantly, a previous study also highlighted that alternative
cognitive strategies were employed by children with ASD during an
auditory “oddball” tone discrimination fMRI task (Gomot et al., 2006).
This study used an adapted slice-onset version of conventional GRE-
EPI to account for the acoustic noise limitations. The characterisation
of responses to this task using Looping Star, in comparison with this
adapted GRE-EPI acquisition, therefore has clear advantages with
respect to its translation to studies involving individuals with ASD, as
Looping Star would remove the acoustic noise confound. Demonstrat-
ing comparable test-retest reliability of Looping Star would further
facilitate this translation. Furthermore, the multi-echo capabilities of
Looping Star are worthy of investigation, given the benefits of echo
combination to BOLD signal noise reduction (Kundu, Inati, Evans,
Luh, & Bandettini, 2012). These have not yet been evaluated for
Looping Star using an event-related paradigm design.

Hence, our specific aims were:

1. To investigate whether multi-echo Looping Star is sensitive to the
BOLD response elicited during the auditory “oddball” paradigm.

2. To quantitively compare the functional sensitivity of Looping Star
with that of a compatible adapted slice-onset single-echo GRE-EPI
acquisition, with identical acquisition parameters to those used in
the original auditory tone discrimination study (Gomot
et al., 2006).

3. To explore the test-retest reliability of the Looping Star and GRE-

EPI acquisitions using two sessions.

We performed the following analyses to address the aims: a) group-level
conventional parametric general linear model (GLM) analyses b) inter-
modality sensitivity comparisons using percentage signal change and
parameter estimates and c) test-retest reliability analysis using intra-

class correlation coefficients (ICC) for each modality between sessions.

2 | METHODS

2.1 | Participants

Twelve healthy participants (6 female; mean * standard deviation
age = 31.5 + 8.0 years; range = 25-54 years) were scanned in two
sessions. This number of participants was consistent with that of the
healthy control group in the aforementioned study using the same
paradigm (Gomot et al., 2006). These sessions were separated by at
least 1 week and were no more than 2 weeks apart. All participants
took part in both scanning sessions and for the full duration of both
sessions. Exclusion criteria involved standard MRI contra-indications
and participants were recruited from within the university (King's Col-
lege London). Ethical approval was provided under London—
Camberwell St Giles REC reference 04/Q0706/72, and informed writ-
ten consent was obtained from all participants.

2.2 | Oddball paradigm

For consistency with Gomot et al. (2006), we decided to employ a par-
adigm with a design identical to that used in their study. The stimuli
were presented through the pneumatic MR-compatible headphones
(MR Confon, Cambridge Research Systems). The paradigm involved
three tone types (p = probability of occurrence), Deviant (p = .09),
Novel (p = .07) and Standard (p = .84), played with event duration
80 ms and interstimulus interval 625 ms. Deviant tones were simply
frequency-shifted Standard tones, whereas Novel tones were
completely Novel (in terms of pitch and frequency) relative to Stan-
dard and Deviant tones (Miiller, Juptner, Jentzen, & Miiller, 2002).
The beginning of the paradigm was silent for a duration of 10 volumes,
then five Standard tones were played. After this, Novel and Deviant
tones were played in random order with a minimum of three Standard
tones between onsets.

Participants indicated with a button-box, in the right hand, when
either a Deviant or Novel tone was detected, using the same button
for both tones. Six silent rest blocks of 10-second duration were
evenly distributed throughout the paradigm. A video of neutral visual
distractors, involving animals in natural habitats, was played through-
out the paradigm as performed in the original study (Gomot
et al, 2006). Deviant and Standard tones were swapped halfway
through, as indicated by a screen displaying the command “Swap”,
whereby Standard tones became Deviant tones and vice versa, to pre-
vent tone habituation and boredom. Although the Deviant and Stan-
dard tones were consistently the same tones when applied, the Novel
tones differed for every onset. For further information on the para-
digm and characteristics of the tones, we point towards the original
study by Gomot et al. (2006), who kindly provided help with the
implementation of the paradigm.

Participants' comprehension of the paradigm and hearing ability
were tested outside of the scanning facility prior to the first session
using a shorter version of the paradigm with frequency-shifted Stan-
dard and Deviant tones, to avoid conditioning effects. These tones
were frequency-shifted by three semitones down from the original
tone using version 2.2.2. of the Audacity® recording and editing soft-
ware (Audacity Team, 2020). Within the scanning sessions, earplugs
were provided beneath the pneumatic MR-compatible headphones.
This was to prevent hearing damage during the loud GRE-EPI
acquisition.

Participants self-reported whether they could hear stimuli pres-
ented through the pneumatic MR-compatible headphones based on
whether they could clearly hear the voices of the radiographers
through the headphones. The paradigm was then also played through
these headphones. To avoid conditioning effects within the session,
the tone order in the paradigm differed between Looping Star and
GRE-EPI acquisitions . Otherwise, the same paradigms were used for
all participants and for both sessions (i.e., a unique paradigm was
assigned to each modality, but not to each session nor each partici-
pant). Participant responses during the scans were also monitored via
a paradigm-linked computer to ensure they could consistently hear

the paradigm.
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2.3 | fMRIl acquisition

Participants wore a pulse oximeter on their forefinger and respiratory
belt around their waist to probe any possible differences in physiolog-
ical parameters (heart rate and respiration rate). A 3T General Electric
MR750 Discovery scanner (GE Healthcare, Chicago, IL) with a General
Electric 12-channel receive-only head coil was used. A standard ADNI
(Leung et al., 2015) 1.09 mm in-plane resolution structural IR-SPGR
image was collected with acquisition parameters: TE = 3.016 ms,
TR = 7.312ms; Tl = 400 ms, number of slices = 196, slice-
gap = 1.2 mm, flip-angle = 11°.

For the fMRI modalities, the same acquisition parameters were
used between sessions, and sequence order was pseudo-randomised
between participants and sessions. Acquisition parameters for single-
echo GRE-EPI were as follows: TE = 27.5ms, TR = 2.55s; slice
thickness = 4 mm, number of slices = 20, slice-gap = 1 mm, in-plane
3.125 mm, flip-angle = 82°, 240
duration = 10 min. As in the case of the study by Gomot et al. (2006),
the tone duration (80 ms) and the interstimulus interval of 625 ms,

resolution = volumes,

ensured that the stimuli were audible in the time gap between slice
read-outs of the multi-slice GRE-EPI scans. The field of view for the
GRE-EPI acquisition did not cover the cerebellum.

To ensure k-space sampling uniformity in Looping Star, a pseudo-
randomly ordered trajectory was applied (Dionisio-Parra et al., 2020;
Wiesinger et al., 2019). The trajectory was calculated for a nominal
spatial resolution of 3.2 mm, including an acceleration factor to pro-
duce comparable TR with GRE-EPI (see Supplementary Material A).
This acceleration factor introduces blurring, reducing the effective res-
olution of the images (Maier et al., 2021), however this pattern is suf-
ficient for fMRI as the centre of k-space is densely sampled (Kasper
et al, 2014). This highlights a benefit of radial acquisition, as other
artefacts typical of Cartesian under-sampling are not introduced.

As a result, the multi-echo Looping Star acquisition parameters
were as follows: multi-echo TEs = Oms, 16.1ms, 32.2 ms,
TR = 2.648 s, equivalent spatial resolution = 3.2 mm, flip-angle = 3°,
readout bandwidth = £+46.875 kHz, 24 spokes per loop, 72 spokes per
segment, 1,080 spokes per volume, 240 volumes, duration = 10 min
35 s. For reconstruction of the FID image (TE = 0 ms), missing centre
of k-space samples due to the dead-time of the receiver were
reacquired at the end of the scan by repeating the Looing Star k-space
trajectory at reduced readout gradient amplitude, as described by Wu,
Dai, and Ackerman (2007), Wiesinger, Sacolick, and Menini (2016) and
Wiesinger et al. (2019).

24 | fMRI preprocessing

Image reconstruction for Looping Star was conducted offline using a
“nearest-neighbour gridding” approach (Wiesinger et al., 2019) in
MATLAB (Mathworks, 2019), as the fast Fourier transform cannot be
applied directly to non-Cartesian data. This included density compen-
sation to account for oversampling of the centre of k-space (Hoge,

Kwan, & Bruce Pike, 1997). Furthermore, an inherent property of

Looping Star is that the signal from the spoke dephasing outwards is
contaminated by the signal from the spoke refocusing inward. This is
known as echo-in/echo-out interference (Wiesinger et al., 2019).
Dionisio-Parra et al. (2020) demonstrated that addressing this inter-
ference by applying a Fermi filter reduced the image resolution, and
RF phase-cycling doubled acquisition time. Instead, optimal combina-
tion of the echoes was used to improve the temporal signal-to-noise
ratio (tSNR) (Kundu et al., 2012).

After reconstruction, the first 10 volumes were removed for both
modalities to avoid the influence of effects due to non-steady state
magnetisation. Looping Star images were rescaled by a factor of 10°
post-reconstruction to avoid intensity capping. Looping Star images
were cropped using the FSL (Jenkinson, Beckmann, Behrens,
Woolrich, & Smith, 2012) command “fslroi” and re-oriented using SPM-
12 (filion.ucl.ac.uk/spm/). The origins were centred for the FID and
echo images to lie on the anterior commissure. Looping Star and GRE-
EPI preprocessing pipelines were almost identical: for single-echoes they
followed the same pipeline, with Looping Star excluding slice-timing cor-
rection since it is a three-dimensional acquisition technique. For Looping
Star, optimal echo-combination was included in the pipeline but TE-
dependent denoising (DuPre et al., 2019; Kundu et al., 2012) was not
applied to Looping Star to ensure consistency of the preprocessing pipe-
lines between modalities. The pipelines are visualised in Supplementary
Material B, with further detail provided below.

Looping Star images were bias-field corrected with ANTS N4-ITK
(Tustison et al., 2010). The high tSNR FID image was used to estimate
the motion correction parameters, which were then applied to the
multi-echo image time series. High frequency artefacts were removed
from the time series, to avoid errors in echo combination, and concat-
enation of the FID and echoes was performed in the z-direction using
AFNI (Cox, 1996). Optimal echo combination was applied using the
“opt_com” command from “tedana.py” in the MEICA (Kundu
et al., 2012) pipeline. The pipeline then continued with co-registration
of the FID to the subject's own high-resolution T1-weighted scan,
which was then applied to the optimally combined dataset, spatial
normalisation using unified segmentation (as implemented in SPM-12)
with images saved at 4 mm isotropic resolution and smoothing with
an 8 mm FWHM kernel. This smoothing kernel was used to ensure
adequate signal-to-noise ratio for the Looping Star dataset and as a
compromise between the minimum identifiable cluster size and satis-
fying the Gaussian random field approximation.

Following the same bias-field correction, the same standard SPM-12
preprocessing pipeline was applied, though adjusted for single-echo GRE-
EPI. This included slice-timing correction, co-registration to the subject's
high-resolution T1-weighted scan, spatial normalisation using unified seg-
mentation (as implemented in SPM-12) with images normalised at 4 mm

isotropic resolution and smoothing with an 8 mm FWHM kernel.

2.5 | fMRIanalysis—group level SPM

Single-subject fixed-effects and group-level random-effects analyses

were conducted in SPM-12, with cluster-level inference using a
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primary uncorrected cluster-forming threshold of p <.001 (Woo,
Krishnan, & Wager, 2014; Worsley et al., 1996) . Only clusters surviv-
ing family-wise error correction at the cluster-level (i.e., p[FWE_] < .05)
were deemed significant. The baseline condition (Standard tones) was
not modelled explicitly to avoid over-parameterisation of the general
linear model (GLM) and thereby served as an implicit baseline. The
first level GLM included modelling the motion parameters as nuisance
regressors and modelling three conditions: Deviant, Novel and Silent
periods, constructed by convolving regressors encoding the relevant
trials with the standard canonical double-gamma hemodynamic
response function. An autoregressive AR(1) model was also used for
ReML parameter estimation, used as standard in SPM-12.
The contrasts interrogated in the first level model were:

i. Activity greater during both Novel and Deviant tones over Silent
periods (Dev + Nov > Silent)

ii. Activity greater during both Novel and Deviant tones over Stan-
dard tones and Rest (Dev + Nov > All)

iii. Activity greater for Novel tones than Deviant tones (Nov > Dev)
and vice versa (Dev > Nov)

iv. Activity greater for Novel tones over Deviant, Standard and Rest
(Nov > All)

v. Activity greater for Deviant tones over Novel, Standard and Rest
(Dev > All)

A 128 s high-pass filter was applied during analysis. MNI co-ordinates,
from the output of SPM-12, and Brodmann areas were compared
using Biolmage Suite (Lacadie, Fulbright, Arora, Constable, &
Papademetris, 2008).

2.6 | fMRI analysis—between-modality comparison
To quantitatively compare, in a general fashion, the functional sensi-
tivity between techniques, a paired t test was computed in SPM-12
between the first level contrast maps of Dev + Nov > Silent (contrast
i, Section 2.6) in each session.

To further explore the intermodality difference in functional sen-
sitivity in auditory regions, given the nature of the task and the differ-
ence in acoustic load between acquisitions, a Neurosynth (Yarkoni,
Poldrack, Nichols, Van Essen, & Wager, 2011)-derived auditory region
of interest (ROI), using the term “auditory” thresholded at z = 5, was
used as a mask. This mask was applied to the first level contrast maps
of Dev + Nov > Silent (i, Section 2.6). The mean parameter estimates,
or betas, of the Novel and Deviant tones modelled, as well as the
T-scores of the activity maps (see Supplementary Material C) were
calculated in this region. The mean T-score and mean Novel and Devi-
ant parameter estimates were computed across participants. The per-
centage signal change was also computed within the same ROI,
though thresholded at z = 8, using the MarsBaR toolbox of SPM-12;
and its accompanying guidance for batch calculation of the percent-
age signal change (Brett, Anton, & Valabregue, 2002). The event dura-
tion used was zero, and the computed scaling factor within the

MarsBaR batch was dependent on the time-bin used for each modal-
ity as detailed in the aforementioned batch.

Normality was tested on the T-scores, beta parameters and per-
centage signal change values across participants via a Shapiro-Wilk
test in version 27.0 of IBM SPSS Statistics (IBM Corp, 2020). The per-
centage signal change results were therefore quantitatively compared
using Spearman's correlation in SPSS to evaluate the consistency of
the participant responses between modalities. A Wilcoxon Signed
Rank test was also computed in SPSS between modalities for the per-
centage signal change of each tone between modalities. For the beta
parameters of each tone in the auditory ROI and the mean T-score in
the auditory ROI, either a Wilcoxon Signed Rank or Paired T-test was
computed based on the output of the normality test. All T-tests
included a hypothesised mean/median difference of zero and a = .05.
Statistical significance was determined by a two-tailed test at a

p-value threshold <.05.

2.7 | fMRI analysis—between-session differences
2.7.1 | Group level intra-class correlation—within
modality

As is customary in quantitative assessments of reliability, the voxel-wise
intra-class correlation (ICC) analysis (Caceres, Hall, Zelaya, Williams, &
Mehta, 2009), using ICC index (3,1), was employed to evaluate between
session characteristics for the contrast maps of Deviant + Novel > Silent
at group level (i.e., across participants, between sessions, within modal-
ity). This was performed to establish the reliability of the activity maps
between the scanning sessions, as this method is not sensitive to the
mean difference between sessions but rather sheds light on the variabil-
ity between sessions. The ICC (3,1) (Shrout & Fleiss, 1979) has been
proposed specifically for this type of comparison. Its magnitude is calcu-
lated using the sum of squares between subjects (BMS) and between
sessions (EMS), with k as the number of repeated sessions (Caceres
et al,, 2009), seen in Equation (1).

BMS-EMS

ICC31) = M5+ k—1)EMS

D

An ICC of 1 indicates exceptionally high reliability between sessions
as the between session variability would be close to zero (i.e., the
error sum of squares would be negligible). On the other hand, the ICC
becomes negative as the size of the between-sessions variance
regression becomes larger than the between-subject variance. An ICC
close to —1 therefore, (the other extreme), indicates exceptionally
poor between session reliability; and that this term would be signifi-
cantly larger than the variability between subjects (i.e., the between-
subject sum of squares is close to zero).

The contrast maps were first masked with a grey matter mask
(grey matter tissue prior from SPM-12, see Supplementary Material
C). A task-related network mask was then defined from the first ses-

sion for each modality, by means of a low T-score threshold of 1.
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A low threshold was used to account for the difference in amplitude
of the T-scores between techniques, preventing large clusters from
being more prevalent in one modality than another. The median ICC
score for all voxels within the mask was calculated. When calculating
the network mask, grand mean scaling and global calculation were
omitted.

2.7.2 | Intra-voxel reliability—within modality

The ICC toolbox can also be applied to test the consistency of the sig-
nal distribution within an ROI across sessions. This produces a region
ICC for each subject (i.e., across sessions, within modality) and is
known as the intra-voxel reliability (ICC,). This differs from a typical
voxel-wise ICC where the reliability of the signal across sessions is
determined separately for each voxel.

The intra-voxel reliability was calculated for each subject within
an auditory ROI, generating an intra-voxel ICC, value for each partici-
pant. This auditory ROl was computed across a Neurosynth (Yarkoni
et al., 2011)-derived auditory ROI (see Supplementary Material C),
using the term “auditory” and thresholded at z = 5. In this case, Equa-
tion (1) is applied for each individual subject using the contrast values
of the voxels within this auditory ROl as stated by Caceres
et al. (2009). As this work suggests, the intra-voxel reliability then
measures the total variance explained by the intra-voxel variance,
testing the consistency of the spatial characteristics of the BOLD sig-
nal distribution in this ROI to infer differences between subjects. The
ROI was applied to the contrast maps for Deviant + Novel > Silent for

each participant and across sessions.

2.7.3 | Comparison of intra-voxel reliability—
between modality

To evaluate the differences in ICC, between modalities, the mean and
standard deviation of the outputted ICC, from the intra-voxel reliabil-
ity calculation was computed across participants. Upon computing a
Shapiro-Wilk normality test, a Wilcoxon Signed Rank Test was com-
puted between modalities to compare medians of the ICC, values,
given that the same population produced ICC, scores for the two
modalities, using SPSS. Statistical significance was determined by a
two-tailed test at a p-value threshold <0.05. Although Bland-Altman
plots (Bland & Altman, 1999) have been used in some studies to
explore reliability, these were not used in our work as the literature
indicates that they are more appropriate when assessing direct repli-
cation of quantitative absolute measures, which is not the case of beta
parameters in fMRI analysis.

2.8 | Image quality measures

Temporal signal-to-noise ratio (tSNR) was calculated as outlined by

Friedman and Glover (2006). The mean signal across time per voxel

was computed and divided by its corresponding standard deviation
after second-order polynomial de-trending (i.e., the standard deviation
of the residuals). The images used were those preprocessed including
all steps up to spatial normalisation (i.e., excluding smoothing), to pro-
duce the average tSNR value across participants. The tSNR was also
calculated within a grey matter mask (grey matter tissue prior from
SPM-12, see Supplementary Material Figure C). This measure avoided
artefacts in the average tSNR images that result from differences in
brain structure. A difference map was produced by dividing the differ-
ence between the modality tSNR maps within-session by the sum of

the maps and multiplying this result by 100.

29 | Sound level measurements

A direct sound level measurement was taken by attaching the Casella
62X (Casella Solutions, UK) sound meter on a cylindrical phantom at
the axial isocentre of the magnet bore and taking the mean LCpeak
and LAeq values across 15 s (approximately 5 volumes) for each scan-

ning sequence.

3 | RESULTS
3.1 | Looping Star acoustic noise and image quality
characteristics

Table 1 shows the in-bore sound amplitude measures inside the scan-
ner, indicating that Looping Star was less than 10dBA louder than the
ambient scan room noise and 27dBA quieter than GRE-EPI. This is a
substantial difference, particularly since acoustic noise is measured on
a logarithmic scale.

The tSNR results can be seen in Figure 1 for each individual echo
and for the optimally combined temporal series from Looping Star, com-
pared with GRE-EPI. tSNR overall was lower in Looping Star compared
with GRE-EPI, evident both visually in the whole brain (Figure 1, top)
and in the quantitative values in grey matter (Figure 1, bottom). The dis-
tribution of tSNR values was narrower for the echoes and optimally
combined echoes of Looping Star than in GRE-EPI. The percentage dif-
ference map indicated less than 50% difference between optimally com-
bined Looping Star and GRE-EPI, whereas higher differences could be
seen in white matter, which is likely driven by the different tissue relaxa-
tion characteristics between techniques. A figure of the raw images has

also been provided (Supplementary Material D).

TABLE 1  Average sound level measures over a duration of 15 s

of scanning from bore isocentre of each acquisition modality
Acquisition LAeq (dBA) LCpeak (dBC)
GRE-EPI 98.0 112.9
Looping Star 71.0 102.8
Ambient scanner room, no scan 64.0 85.7
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FIGURE 1 (top) Mean temporal signal-to-noise-ratio (tSNR) maps, calculated across participants for each modality and for separate echoes
(free induction decay—FID, Echo 1—GRE, Echo 2—GRE?2) and the optimally combined echoes (OptCom) in Looping Star (LS). Datasets were
realigned and spatially normalised prior to computation of the tSNR. Percentage difference maps between optimally combined Looping Star and
GRE-EPI for each session are also shown at the bottom right. (bottom) tSNR value distribution across subjects and sessions within grey matter
mask for each modality. Slice (mm = millimetres) in MNI space provided
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3.2 | Physiological and behavioural responses

The mean heart rate and respiratory volume per time across the acquisi-
tion did not demonstrate any significant differences between modalities
(Supplementary Material E). Participants were over 86% accurate on
average for both modalities and sessions, indicating satisfactory cogni-
tive engagement with the paradigm. Only one participant had lower
than 86% accuracy during GRE-EPI Session 2, but they were still over
76% accurate. There was no evidence of poorer performance accuracy

after the tones were swapped (Supplementary Material E).

33 |
analysis

Whole-brain voxel-wise GLM random-effects

Since the standard tone events served as an implicit baseline, we evalu-
ated the overall sensitivity to auditory stimuli between modalities, using
the contrasts: Deviant + Novel > Silent (rest blocks) and Deviant + Novel

> All other blocks. Figure 2a,b shows that Looping Star and GRE-EPI were
both sensitive to the responses to non-standard tones. Activation was
observed in the same Brodmann areas (BA) identified by the original study
(Gomot et al., 2006), namely the anterior transverse temporal area (BA 41)
and the posterior superior temporal gyrus (BA 22) (Table 2). Significant
activity was also identified in both modalities within the motor cortex
(BA 6) and somatosensory cortex (BA 1). No significant results were iden-
tified for the contrast Deviant > Novel with either technique, however
Figure 2c demonstrates the regions more responsive to Novel trials than
Deviant trials. Only the Looping Star Session 1 data yielded a statistically
significant BOLD response to this contrast in an auditory region.

3.4 | Quantitative comparison between modalities
(within session)

Figure 3 demonstrates the results of the quantitative comparisons
between modalities, within each session. The intermodality paired

(a) Deviant + Novel > Silent

GRE-EPI

s DD

Looping Star

(b) Deviant + Novel > All

GRE-EPI

swion: (EDEDG

(c) Novel > Deviant

GRE-EPI
Nod 73

Session 2 @@@

MNI (mm)
x=0; y=0;z=10,20,30,40,50

Looping Star

- HODOO DOOOO®
® DOOOO

Looping Star

@

FIGURE 2 Parametric
activity maps for the contrasts

(a) Deviant + Novel > Silent,

(b) Deviant + Novel > All other
onsets and (c) Novel > Deviant.
Regions of comparable activity
can be seen for (a) and (b),
whereas (c) highlights that only
Looping Star Session 1 detects an
auditory response for the
contrast. Slices shown are also
visualised in top left corner of
images. Overlaid on ch2 image
(Holmes et al., 1998) in
MRICRON (Rorden &

Brett, 2000). Statistics at p < .001
uncorrected can be seen in

Table 2. Slice (mm = millimetres)
in MNI space provided
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TABLE 2 SPM statistics table of results for parametric analysis at primary uncorrected cluster-forming threshold ( p < .001 unc.) across
different contrasts for each session and modality

MNI co-ordinates Cluster-level
Contrast name Modality (x,y,z in mm) Brodmann area p(FWE)-value T-score Cluster size
Deviant + Novel > Silent GRE-EPI Session 1 —-46 -28 10 41 <1073 ** 15.86 2,325
66 -20 10 41 <1073 ** 9.33 477
42 -32 46 40 0.027* 4.26 40
342826 9 0.003* 4.06 67
GRE-EPI Session 2 58 —20 18 40 <1073 % 13.52 217
-62-2018 1 <1073 ** 13.06 616
-6058 6 <1073 ** 9.56 278
6 -84 -10 18 0.064 8.30 33
-1424 6 N/A 0.004* 7.56 73
Looping Star Session 1 50 -32 14 41 <1073 * 16.91 242
2-76-22 N/A <1073 ** 11.15 130
34 -52 -26 N/A 0.197 10.50 12
-2450 6 <1073 ** 9.16 91
-34 -4 58 6 <1073 ** 8.33 127
-46 6 -6 13 <1073 ** 7.77 222
Looping Star Session 2 -58 —-20 22 1 <1073 ** 9.60 542
6-64-14 N/A <1073 ** 10.02 329
62-12 6 41 0.006* 8.96 36
5016 —-10 N/A 0.001* 7.92 56
2466 6 0.010* 573 32
Deviant > All GRE-EPI Session 1 -50-28 10 41 <1073 14.43 3,166
34834 13 <1073 ** 6.41 165
548 -2 44 0.005* 6.05 45
GRE-EPI Session 2 62 -16 18 40 0.001* 14.07 71
10-92 -6 17 <1073 12.93 77
—58 —16 50 N/A <1073** 11.63 328
21258 6 <1073+ 10.05 236
—62 -2022 1 0.001* 8.86 74
1028 -2 N/A <1073** 7.92 123
Looping Star Session 1 -2066 6 <1073+ 9.91 226
—50-24 10 40 <1073 9.93 50
—544 -2 6 0.014* 8.48 26
54 —20 22 N/A <1073 8.07 85
300-6 49 <1073** 7.52 120
2-76-22 N/A <1073 7.48 134
Looping Star Session 2 -50 -20 42 1 <1073+ 9.20 130
-6 -40 -22 N/A 0.121 7.90 15
-6-8010 17 <1073 7.60 95
Novel > All GRE-EPI Session 1 -58 -20 18 1 <1078 ** 13.96 2,775
-10-48 -2 N/A <1073 10.24 890
—42 -36 -10 N/A 0.056 9.66 30
—-34 3626 N/A 0.001* 8.86 88
303226 9 <1073+ 7.85 101
GRE-EPI Session 2 —46 —20 58 1 <1073 ** 10.86 333
-58 -24 14 40 0.004* 10.15 89
-2062 N/A <1073 8.87 212

(Continues)
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TABLE 2 (Continued)

MNI co-ordinates Cluster-level
Contrast name Modality (x,y,z in mm) Brodmann area p(FWE)-value T-score Cluster size
62 -2018 40 0.004* 851 90
Looping Star Session 1 54 -32 14 41 <1073+ 11.55 255
-2-72-18 N/A <1073+ 7.91 137
-2066 6 <1073 7.43 72
-434 -6 13 0.001* 6.88 52
-62-2010 1 <1073 6.70 98
-14-202 50 0.018* 6.55 26
-18 -2878 N/A <1073+ 6.31 186
Looping Star Session 2 -54 -24 42 40 <1073 12.15 455
58 -16 6 41 0.001* 9.77 49
14 -44 -14 N/A <1073 822 265
5412 -6 N/A 0.005* 7.44 37
54 -24 30 40 0.044* 7.27 22
-461218 44 0.001* 7.11 49
Novel > Deviant GRE-EPI Session 1 22 -84 26 19 0.009* 7.11 35
-18-92 26 18 0.022* 5.73 28
GRE-EPI Session 2 -18-822 48 0.907 5.70 2
Looping Star Session 1 —46 —40 10 22 0.004* 10.29 37
58 -32 15 22 0.001* 6.91 47
Looping Star Session 2 42 -44 14 N/A 0.218 6.47 12
Deviant > Novel GRE-EPI Session 1 14 64 46 N/A 0.946 4.87 2
GRE-EPI Session 2 NSC NSC NSC NSC NSC
Looping Star Session 1 221214 N/A 0.981 4.19 1
Looping Star Session 2 -38-36 -6 N/A 0.974 4.36 1
Deviant + Novel > All GRE-EPI Session 1 -50-28 10 41 <1073** 13.83 4,099
5412 -2 44 0.039* 6.50 32
30-418 N/A 0.036* 5.73 88
GRE-EPI Session 2 21258 6 <1073** 11.88 261
62 -2018 40 <1073** 11.40 110
-46 —20 58 1 <1073 11.05 370
2 -84 -10 18 0.11 10.40 57
-6282 N/A 0.001* 9.24 90
-62-2018 1 0.001* 8.92 97
Looping Star Session 1 -2066 6 <1073+ 12.54 313
50-32 14 41 <1073** 11.05 307
2-76 -22 N/A <1073 10.63 180
—-62-206 41 <1073+ 8.04 106
-548-6 22 <1073** 7.43 50
Looping Star Session 2 -50-2042 1 <1073 13.76 275
-6-8010 17 <1073 9.84 252
50 16-10 N/A 0.002* 7.28 44
—46 12 18 44 0.003* 6.96 41
-6 —40 -22 N/A 0.035* 6.55 23

Abbreviations: N/A, outside of defined Brodmann Area; NSC, no significant clusters.
*Cluster-level p(FWE) < .05. **Cluster-level p(FWE) < .001.
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Between Modality Analyses for Contrast Deviant + Novel > Silent

Paired t-Test

Session 1 Session 2

First level T-Scores & Parameter Estimates in Auditory ROI

Mean Parameter Estimate in Auditory ROI across Participants - Deviant Mean Parameter Estimate in Auditory ROI across Participants - Novel Mean T-Scores in Auditory ROl across Participants
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FIGURE 3 Between modality analyses using Deviant + Novel > Silent contrast maps. (top) Bidirectional results of paired T-test between first
level contrast maps of all participants. (a) Session 1 comparison and (b) Session 2 comparison. Overlaid on ch2 image (Holmes et al., 1998) in
MRICRON (Rorden & Brett, 2000). (middle) An auditory ROl was used to mask parameter estimate (beta) maps and the mean parameter estimate
was calculated for the regressors of the (c) Deviant onsets and (d) Novel onsets and plotted for all participants. (e) The mean T-score was
calculated from the first level T-maps for the contrast, and plotted for each participant after auditory ROl masking. (bottom) Percentage signal
change based on parameter estimates in auditory ROI, withall sessions included and plotted for each modality. Pattern of difference between
modality shown for (f) Deviant and (g) Novel tones. LS, Looping Star. **p(two-tailed) < .05. Accompanying statistics seen in Tables 3-5

TABLE 3 SPM statistics table of results for parametric paired T-test at primary uncorrected cluster-forming threshold (p < .001 unc.) for
activity maps of contrast Deviant + Novel > Silent across participants for each session

MNI co-ordinates Cluster-level
Paired T-test (x,y,z in mm) Brodmann area p(FWE)-value T-score Cluster size
GRE-EPI > LS Session 1 —-34 -28 62 4 0.001* 8.72 50
2-4458 N/A <1073** 8.44 176
6446 6 0.002* 5.30 45
GRE-EPI > LS Session 2 62 -24 18 40 0.578 5.81 6
LS > GRE-EPI Session 1 14 -60 -10 17 0.299 4.69 10
LS > GRE-EPI Session 2 10 -52 -6 N/A <1073 6.54 79

Abbreviation: LS, Looping Star; N/A, outside of defined Brodmann Area.
*Cluster-level p(FWE) < .05. **Cluster-level p(FWE) < .001.

t tests of the statistical maps for each session (Figure 3a,b) highlight The statistical comparisons of the different measures in an auditory
regions of differences in activity. Table 3 provides the accompanying ROI presented in Figure 3c-e are shown in Table 4. We found a statisti-
statistics. Within Session 1, only motor cortices (i.e., BA 4 and BA 6) cally significant difference in the mean T-score within the auditory ROI
presented statistically significant higher activity for GRE-EPI relative between GRE-EPI and Looping Star for both sessions. We also found a
to Looping Star. statistically significant difference within the auditory ROI for the mean
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parameter estimates of the Deviant tones in Session 1. There was no
significant difference for the parameter estimates of the Novel tones.
This was also consistent with the percentage signal change results

(Figure 3f,g). Table 5 shows the results of the intermodality Spearman's

TABLE 4 Wilcoxon Signed Rank Test or paired T-test results
across different intermodality measures within the auditory ROI

Wilcoxon signed
rank/paired T-test
two-tailed p-value

0.004*

Wilcoxon signed
rank/paired T-test

Test variables T-score

Mean T-score in 3.648
auditory ROIT
GRE-EPI-LS

Session 1

Mean T-score in 0.043* 2.284
auditory ROIT
GRE-EPI-LS

Session 2

Mean Deviant beta 0.022* 2.677
parameter in
auditory ROIT

GRE-EPI-LS

Session 1

Mean Deviant 0.060 -1.883
parameter in
auditory ROI

GRE-EPI-LS

Session 2

Mean Novel beta 0.442 0.798
parameter in
auditory ROI

GRE-EPI-LS

Session 1

Mean Novel beta 0.814 -0.235
parameter in
auditory ROI

GRE-EPI-LS

Session 2

*p < .05. TParametric paired T-test.

TABLE 5
auditory ROI

Correlation pair Spearman's r

GRE-EPI—-Looping Star 0.252 -2.510
Session 1, Deviant tones

GRE-EPI—Looping Star 0.133 -2.197
Session 2, Deviant tones

GRE-EPI—Looping Star -0.056 -1.334
Session 1, Novel tones

GRE-EPI—Looping Star 0.315 -0.471
Session 2, Novel tones

GRE-EPI—Looping Star 0.320 -3.343
All sessions, Deviant tones

GRE-EPI—Looping Star 0.088 -1.257

All sessions, Novel tones

*p < .05. **p < .001.

Wilcoxon signed rank T-score

correlation, which was between 0.08 < r < 0.32, as well as the T-tests
between the percentage signal change values. Only Deviant tones in
Session 1 provided a statistically significant intermodality difference in

percentage signal change.

3.5 | Quantitative comparison between sessions
(within modality)

Intersession differences, evident in the random-effects analyses, were
more specifically characterised with an ICC analysis. Figure 4 (top)
summarises the group level ICC results within modality, where the
ICC values are consistently high in task-related regions, such as the
auditory and motor cortices, in both modalities for the contrast maps
of Deviant + Novel > Silent. However, the spatial extent with high
ICC, in the regions detected with Looping Star, was much smaller than
in GRE-EPI and negative ICC values were seen in regions from the
Looping Star data, outside of task-related regions. This was not the
case in GRE-EPI data. A more skewed joint distribution (towards
higher ICC values) was seen in GRE-EPI between activation T-score
and ICC score in comparison with Looping Star.

An independently derived functional ROI of the auditory cortex
(Supplementary Material C), was used to calculate the intra-voxel reli-
ability (ICC,) between sessions for each subject, specifically testing
between session consistency in an auditory region in each individual.
Significantly higher ICC, values were identified using this method on
average across subjects in this auditory ROl for GRE-EPI than Looping
Star (Figure 4, centre), where p(two-tail) = .002. There was no evi-
dence of one participant producing particularly low ICC, values in
both modalities (i.e., having low ICC, in both modalities).

To further evaluate the ICC results, the between-subject sum of
squares and between-session sum of squares outputs from the ICC
analysis, which are calculated from the activity maps, were explored
(Figure 4, bottom). Both modalities demonstrated clusters of low spa-

tial extent with high between-session variance in the visual and

Intermodality Spearman's correlation and Wilcoxon Signed Rank Test results between percentage signal change values within the

Wilcoxon signed rank two-tailed p-value

0.012*

0.028

0.182

0.638

<0.001**

0.209
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FIGURE 4

(top) Plots of intra-class correlation coefficient (ICC) versus T-score, relative voxel frequency versus ICC and ICC z-score map for

each modality. Arrows indicate regions with consistently high z-scores between modalities. (centre) Intra-voxel reliability (ICC,) plots for each
participant in an auditory region-of-interest (ROI) (top, centre) can be seen with accompanying box-and-whisker plot of the outputted ICC,
valuesacross participants. Significant differences between intermodality intra-voxel reliability was identified, where p(two-tailed) = .002

(**

p < .05). (bottom) Between-session and between-subject difference maps outputted from ICC analysis. Overlaid on ch2 image (Holmes

et al., 1998) in MRICRON (Rorden & Brett, 2000). Slice (mm = millimetres) in MNI space provided. Scale of ICC z-score maps adjusted to account

for functional sensitivity differences between modalities

auditory cortices. Although both modalities demonstrated high
between-subject variance within the frontal lobe and auditory cortex,
GRE-EPI demonstrated higher between-subject variance than Looping

Star in the auditory cortex and along the longitudinal fissure.

4 DISCUSSION

41 |

Summary of results

With respect to our key aims, we demonstrated that (a) multi-echo
Looping Star is sensitive to the BOLD response elicited during the
auditory oddball paradigm, (b) multi-echo Looping Star has compara-
ble sensitivity for novel tone discrimination in auditory regions, rela-
tive to a GRE-EPI acquisition with identical parameters to Gomot
et al. (2006), though intermodality differences were also identified,

and (c) multi-echo Looping Star has lower test-retest reliability than
GRE-EPI. We also observed some limitations in the Looping Star tech-
nique, such as its reduced tSNR, driven in part by the need to employ

a very low excitation flip angle in this modality.

4.2 |

Physiological and behavioural data

On average, there were no differences in the mean heart rate and res-
piration volume per sampling time across participants for the duration
of the different scans. This suggests that overall there were no addi-
tional systemic effects imposed by either imaging modality across the
paradigm duration. Behaviourally, participants performed very well
with regards to detecting the Deviant and Novel tones during both
modalities. This is unsurprising as the GRE-EPI acquisition parameters

used were identical to that used in the original study by Gomot
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et al. (2006), especially ensuring that the EPI slice acquisition train
contained the appropriate delays for the tones to be heard by the par-
ticipants. Our behavioural data also indicated that subjects remained

attentive and alert throughout the scans.

43 |
analysis

Whole-brain voxel-wise random-effects

In general, our results demonstrated good agreement with those of
Gomot et al. (2006). The main effect of Deviant and Novel tones ver-
sus Silence (Deviant + Novel > Silent) demonstrated consistent bilat-
eral activity in both GRE-EPI and Looping Star sessions, providing
evidence that Looping Star is sensitive to the BOLD response in
event-related auditory paradigms. Right hemisphere involvement of
BA 41 was seen in both modalities, which may be linked to the right
hemisphere involvement in attention-related processes (Miiller
et al., 2002; Stevens, Calhoun, & Kiehl, 2005). Similar activity patterns
were also seen in the response to Deviant + Novel > All, which
addressed potential issues with the Silent condition likely being an
unstable baseline due to its short duration.

The separate contrasts of Deviant > All and Novel > All also dem-
onstrated significant results in auditory regions for both modalities,
but there were no significant results for the contrast Deviant > Novel.
This could indicate that higher attention was paid to the Novel tones,
eliciting a higher amplitude response in spatially overlapping regions
relative to Deviant tones. This is supported by the functional overlap
for Deviant and Novel tones seen here and by Gomot et al. (2006),
alongside the proximity of the overlap of auditory loci and the preva-
lence of attention-driven modulations observed in a meta-analysis by
Alho, Rinne, Herron, and Woods (2014). A key intermodality differ-
ence that should be explored in depth with a larger cohort was that
only Looping Star Session 1 revealed significantly greater activity in
response to Novel trials compared to Deviant stimuli (Novel > Devi-
ant) in an auditory region. There were no behavioural motivations for
this to be the case, therefore future studies may benefit from explor-
ing potential differences in cognitive engagement, perhaps using a dif-
ferent oddball paradigm. This would inform whether the differences

we observed are linked to the reduced auditory load in Looping Star.

44 | Measurement of between-modality
differences

The intermodality paired t test for the contrast of Deviant and Novel
tones versus Silence (Deviant + Novel > Silent) indicated that there
were no statistically significant differences in activity in auditory
regions, but differences were present in motor cortices. However, sig-
nificant activity in the motor cortex was indeed identified in both
modalities, therefore these differences are likely related to functional
sensitivity differences between techniques that lead to more localised
responses in Looping Star. Significant differences in percentage signal

change were only identified for the parameter estimate of the Deviant

stimuli, which were much lower in Looping Star compared to GRE-
EPI. To verify whether this could be linked to the difference in audi-
tory demand, application of Looping Star with a paradigm exploring
repetition priming (Bergerbest, Ghahremani, & Gabrieli, 2004) may be
of benefit.

4.5 | Measurement of between-session reliability
The ICC results overall indicated lower reliability of Looping Star
activity maps for the contrast Deviant + Novel > Silent compared with
those of GRE-EPI. This was demonstrated by the following: (a) the
joint distribution indicated a strong relationship between T-score and
ICC for GRE-EPI, that is, a strong relationship between activity and
repeatability, that was not apparent for Looping Star, (b) higher ICC
values were seen in the auditory and motor cortex for GRE-EPI and
Looping Star relative to the rest of the brain, though Looping Star
demonstrated negative ICC values across the cortex, outside of the
auditory regions, unlike GRE-EPI, suggesting high between-session
variance, and (c) higher intra-voxel reliability (ICC,) was seen in the
auditory ROI for GRE-EPI than Looping Star on average across partici-
pants, therefore the signal distribution is more consistent in GRE-EPI
than Looping Star within the auditory ROIl. The lower tSNR and
smaller identified clusters in Looping Star could be a contributing fac-
tor to this intersession difference, though cognitive links to acoustic
background noise have been identified in previous studies that could
also contribute (Cho, Chung, Lim, & Wong, 1998; Kiehl &
Liddle, 2003; Novitski et al., 2003; Seifritz et al., 2006; Wolak
et al., 2016). Future replicability and repeatability studies should aim
to disentangle these effects.

4.6 | Limitations and future work
It is important to emphasise that our intention was to perform the first
evaluation of multi-echo silent fMRI in an event-related context, and
we acknowledge that a larger cohort would improve the generalisa-
tion of these findings. Limitations regarding the paradigm design, such
as the duration of the resting blocks being barely longer than the
haemodynamic response, were unavoidable as we aimed to replicate
the paradigm used by Gomot et al. (2006). We did, however, adapt
the original general linear model by deciding against modelling the
Standard tones (Gomot et al., 2006) to avoid over-parameterisation.
Our desire to reproduce the conditions of the study of Gomot et al as
much as possible, also meant that we did not acquire multi-echo GRE-
EPI data and so we were limited in our comparisons. There were also
some inherent limitations in the pulse sequence design of the version
of Looping Star that we employed, which prevented both faster imag-
ing and higher tSNR. These have been outlined in detail by Dionisio-
Parra et al. (2020).

There is scope to further characterise Looping Star for targeting
specific optimisation strategies. Such avenues include evaluating the

impact of spatial blurring induced during acquisition, assessing
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whether anatomical configuration interacts with certain acquisition
parameters, and exploring the impact of physiology on this three-
dimensional acquisition. Future studies could also capitalise on the
reduced impact of inflow effects in Looping Star given the absence of
slice selection. Furthermore, alternative reconstruction schemes,
beyond the one employed here for Looping Star, may be more appro-
priate in future studies. Such techniques include compressed sensing
and low-rank reconstruction, which employ under-sampled k-space
trajectories (Chiew et al, 2015; Holland et al., 2013; Zong, Lee,
Poplawsky, Kim, & Ye, 2014).

5 | CONCLUSIONS

Looping Star provides a useful, near-silent MRI acquisition alternative
that mitigates the limitations produced by the high acoustic noise of
GRE-EPI, providing a “real-world” scenario for functional neuroimag-
ing. It also removes the reliance on strong ear protection and noise
cancellation hardware by minimising acoustic noise at its source.
Looping Star demonstrated sensitivity to the BOLD response in a
complex, event-related auditory fMRI paradigm, supporting its exten-
sion from simple blocked designs to complex cognitive tasks that are
more widely used across studies. Optimisation and further characteri-
sation with a range of paradigms and acquisition parameters is
required to identify whether it indeed reveals additional information
on cognitive processes involved in auditory processing. Furthermore,
our study evaluated, for the first time, the test-retest reliability of
Looping Star, which warrants further study to understand the impact
of reduced scanner acoustic noise on cognitive strategies between
sessions. Ultimately, Looping Star is a promising technique that offers
a useful alternative to study the mechanisms of brain activity in sound

averse populations.

ACKNOWLEDGMENTS

This study was funded by the NIHR Maudsley Biomedical Research
Centre Novel Neuroimaging Approaches Research Call (grant number:
IS-BRC-1215-20018). This study represents independent research
supported by the National Institute for Health Research (NIHR) Biomed-
ical Research Centre at South London and Maudsley NHS Foundation
Trust and King's College London. Nikou Damestani is in receipt of a
PhD studentship funded by the NIHR Maudsley Biomedical Research
Centre. The views expressed are those of the author(s) and not neces-
sarily those of the NHS, the NIHR or the Department of Health and
Social Care. The authors also wish to thank the Wellcome Trust for their
ongoing support of our neuroimaging research. We would also like to
thank Professor Gareth J Barker, Dr Emil Ljungberg and Dr Tobias C
Wood for their assistance during this project. We also thank Dr José
Alcantara, Dr Marie Gomot and Dr Bernhard Miller for sharing and
building the set of sounds used in the oddball paradigm.

CONFLICT OF INTEREST
This work was conducted in collaboration with authors employed by

GE Healthcare (Florian Wiesinger and Ana Beatriz Solana).

DATA AVAILABILITY STATEMENT

The scripts and toolboxes used in this research are available to down-
load via the accompanying references. Please contact the
corresponding author for access to specific scripts and data access, if

collaboration is of interest.

ORCID
Nikou L. Damestani \= https://orcid.org/0000-0002-0895-2589
Owen O'Daly "= https://orcid.org/0000-0001-5690-1252

Ana Beatriz Solana "'~ https://orcid.org/0000-0002-7390-0101
https://orcid.org/0000-0002-5597-6057
https://orcid.org/0000-0002-5078-9025
Elena Makovac "= https://orcid.org/0000-0002-7018-1906
Steven C. R. Williams " https://orcid.org/0000-0003-4299-1941

https://orcid.org/0000-0002-9525-1560

Florian Wiesinger
David J. Lythgoe

Fernando Zelaya

REFERENCES

Alho, K., Rinne, T., Herron, T. J.,, & Woods, D. L. (2014). Stimulus-
dependent activations and attention-related modulations in the audi-
tory cortex: A meta-analysis of fMRI studies. Hearing Research, 307,
29-41. https://doi.org/10.1016/j.heares.2013.08.001

Araneda, R, Renier, L., Dricot, L, Decat, M., Ebner-Karestinos, D.,
Deggouij, N., & De Volder, A. G. (2018). A key role of the prefrontal
cortex in the maintenance of chronic tinnitus: An fMRI study using a
Stroop task. Neuroimage: Clinical, 17, 325-334. https://doi.org/10.
1016/j.nicl.2017.10.029

Audacity Team (2020). Audacity® software is copyright © 1999-2020
Audacity Team. Retrieved from https://audacityteam.org/. It is free
software distributed under the terms of the GNU General Public
License. The name Audacity® is a registered trademark of Dominic
Mazzoni.

Baguley, D. M. (2003). Hyperacusis. Journal of the Royal Society of Medi-
cine, 96, 582-585. https://doi.org/10.1177/014107680309601203
Barry, R. J.,, Kirkaikul, S., & Hodder, D. (2000). EEG alpha activity and the
ERP to target stimuli in an auditory oddball paradigm. International
Journal of Psychophysiology, 39(1), 39-50. https://doi.org/10.1016/

S0167-8760(00)00114-8

Bergerbest, D., Ghahremani, D. G., & Gabrieli, J. D. (2004). Neural corre-
lates of auditory repetition priming: Reduced fMRI activation in the
auditory cortex. Journal of Cognitive Neuroscience, 16(6), 966-977.
https://doi.org/10.1162/0898929041502760

Bland, J. M., & Altman, D. G. (1999). Measuring agreement in method com-
parison studies. Statistical Methods in Medical Research, 8(2), 135-160.
https://doi.org/10.1177/096228029900800204

Brazdil, M., Dobsik, M., Mikl, M., Hlustik, P., Daniel, P., Pazourkova, M., ...
Rektor, 1. (2005). Combined event-related fMRI and intracerebral ERP
study of an auditory oddball task. Neurolmage, 26(1), 285-293.
https://doi.org/10.1016/j.neuroimage.2005.01.051

Brett, M., Anton, J. L., & Valabregue, J. B. P. (2002). Region of interest
analysis using an SPM toolbox [abstract]. Presented at the 8th Interna-
tional Conference on Functional Mapping of the Human Brain. Retrieved
from http://marsbar.sourceforge.net/fag.html#how-do-i-extract-
percent-signal-change-from-my-design-using-batch.

Caceres, A, Hall, D. L., Zelaya, F. O., Williams, S. C., & Mehta, M. A. (2009).
Measuring fMRI reliability with the intra-class correlation coefficient.
Neurolmage, 45(3), 758-768. https://doi.org/10.1016/j.neuroimage.
2008.12.035

Chen, Y. C, Li, X, Liu, L., Wang, J., Lu, C. Q, Yang, M,, ... Sun, W. (2015).
Tinnitus and hyperacusis involve hyperactivity and enhanced connec-
tivity in auditory-limbic-arousal-cerebellar network. Elife, 4, e06576.
https://doi.org/10.7554/eLife.06576


https://orcid.org/0000-0002-0895-2589
https://orcid.org/0000-0002-0895-2589
https://orcid.org/0000-0001-5690-1252
https://orcid.org/0000-0001-5690-1252
https://orcid.org/0000-0002-7390-0101
https://orcid.org/0000-0002-7390-0101
https://orcid.org/0000-0002-5597-6057
https://orcid.org/0000-0002-5597-6057
https://orcid.org/0000-0002-5078-9025
https://orcid.org/0000-0002-5078-9025
https://orcid.org/0000-0002-7018-1906
https://orcid.org/0000-0002-7018-1906
https://orcid.org/0000-0003-4299-1941
https://orcid.org/0000-0003-4299-1941
https://orcid.org/0000-0002-9525-1560
https://orcid.org/0000-0002-9525-1560
https://doi.org/10.1016/j.heares.2013.08.001
https://doi.org/10.1016/j.nicl.2017.10.029
https://doi.org/10.1016/j.nicl.2017.10.029
https://audacityteam.org/
https://doi.org/10.1177/014107680309601203
https://doi.org/10.1016/S0167-8760(00)00114-8
https://doi.org/10.1016/S0167-8760(00)00114-8
https://doi.org/10.1162/0898929041502760
https://doi.org/10.1177/096228029900800204
https://doi.org/10.1016/j.neuroimage.2005.01.051
http://marsbar.sourceforge.net/faq.html#how-do-i-extract-percent-signal-change-from-my-design-using-batch
http://marsbar.sourceforge.net/faq.html#how-do-i-extract-percent-signal-change-from-my-design-using-batch
https://doi.org/10.1016/j.neuroimage.2008.12.035
https://doi.org/10.1016/j.neuroimage.2008.12.035
https://doi.org/10.7554/eLife.06576

24 | WILEY

DAMESTANI ET AL.

Chiew, M., Smith, S. M., Koopmans, P. J., Graedel, N. N., Blumensath, T., &
Miller, K. L. (2015). k-t FASTER: Acceleration of functional MRI data
acquisition using low rank constraints. Magnetic Resonance in Medlicine,
74(2), 353-364. https://doi.org/10.1002/mrm.25395

Cho, Z.-H., Chung, S.-C., Lim, D.-W., & Wong, E. K. (1998). Effects of the
acoustic noise of the gradient systems on fMRI: A study on auditory,
motor, and visual cortices. Magnetic Resonance in Medicine, 39(2),
331-335. https://doi.org/10.1002/mrm.1910390224

Cox, R. W. (1996). AFNI: Software for analysis and visualization of func-
tional magnetic resonance neuroimages. Computers and Biomedical
Research, 29(3), 162-173. https://doi.org/10.1006/cbmr.1996.0014

Damestani, N., Lythgoe, D., Wiesinger, F., Solana, A. B,
Williams, S. C. R., & Zelaya, F. (2019a). Looping Star silent fMRI: A
platform for improving studies of auditory processing. 27th ISMRM
Annual Meeting, Montréal, QC, Canada.

Damestani, N., Lythgoe, D., Wiesinger, F., Solana, A. B,
Williams, S. C. R., & Zelaya, F. (2019b). Identifying functional resting
state networks in silence using Looping Star. 25th OHBM Annual Meet-
ing, Rome, Italy.

Dawson, G., Finley, C., Phillips, S., & Galpert, L. (1986). Hemispheric spe-
cialization and the language abilities of autistic children. Child Develop-
ment, 57, 1440-1453. https://doi.org/10.2307/1130422

Dawson, G., Finley, C., Phillips, S., Galpert, L., & Lewy, A. (1988). Reduced
P3 amplitude of the event-related brain potential: Its relationship to
language ability in autism. Journal of Autism and Developmental Disor-
ders, 18(4), 493-504. https://doi.org/10.1007/BF02211869

Dewey, R. S., Hall, D. A, Guest, H., Prendergast, G., Plack, C. J., &
Francis, S. T. (2018). The physiological bases of hidden noise-induced
hearing loss: Protocol for a functional neuroimaging study. JMIR
Research Protocols, 7(3), €79. https://doi.org/10.2196/resprot.9095

Dionisio-Parra, B., Wiesinger, F., Sdmann, P. G., Czisch, M., & Solana, A. B.
(2020). Looping star fMRI in cognitive tasks and resting state. Journal
of Magnetic Resonance Imaging, 52, 739-751. https://doi.org/10.
1002/jmri.27073

DuPre, E., Salo, T., Markello, R., Kundu, P., Whitaker, K., & Handwerker, D.
(2019). ME-ICA/tedana: 0.0.6. Zenodo. https://doi.org/10.5281/
zenodo.2558498

Edelstein, W. A., Hedeen, R. A, Mallozzi, R. P., El-Hamamsy, S. A,
Ackermann, R. A, & Havens, T. J. (2002). Making MRI quieter. Mag-
netic Resonance Imaging, 20(2), 155-163. https://doi.org/10.1016/
S0730-725X(02)00475-7

Friedman, L., & Glover, G. H. (2006). Report on a multicenter fMRI quality
assurance protocol. Journal of Magnetic Resonance Imaging, 23(6),
827-839. https://doi.org/10.1002/jmri.20583

Gaab, N., Gabrieli, J. D., & Glover, G. H. (2007). Assessing the influence of
scanner background noise on auditory processing. Il. An fMRI study
comparing auditory processing in the absence and presence of
recorded scanner noise using a sparse design. Human Brain Mapping,
28(8), 721-732. https://doi.org/10.1002/hbm.20299

Gabrielsen, T. P., Anderson, J. S., Stephenson, K. G., Beck, J.,, King, J. B.,
Kellems, R., ... South, M. (2018). Functional MRI connectivity of chil-
dren with autism and low verbal and cognitive performance. Molecular
Autism, 9(1), 67. https://doi.org/10.1186/513229-018-0248-y

Ghazaleh, N., Van Der Zwaag, W., Clarke, S., Van De Ville, D., Maire, R., &
Saenz, M. (2017). High-resolution fMRI of auditory cortical map
changes in unilateral hearing loss and tinnitus. Brain Topography, 30(5),
685-697. https://doi.org/10.1007/s10548-017-0547-1

Golm, D., Schmidt-Samoa, C., Dechent, P., & Kréner-Herwig, B. (2013).
Neural correlates of tinnitus related distress: An fMRI-study. Hearing
Research, 295, 87-99. https://doi.org/10.1016/j.heares.2012.03.003

Gomot, M., Bernard, F. A,, Davis, M. H., Belmonte, M. K., Ashwin, C.,
Bullmore, E. T., & Baron-Cohen, S. (2006). Change detection in chil-
dren with autism: An auditory event-related fMRI study.
Neurolmage, 29(2), 475-484. https://doi.org/10.1016/j.neuroimage.
2005.07.027

Gu, J. W, Halpin, C. F., Nam, E. C.,, Levine, R. A., & Melcher, J. R. (2010).
Tinnitus, diminished sound-level tolerance, and elevated auditory
activity in humans with clinically normal hearing sensitivity. Journal of
Neurophysiology, 104, 3361-3370. https://doi.org/10.1152/jn.00226.
2010

Hall, D. A, Haggard, M. P. Akeroyd, M. A, Palmer, A. R,
Summerfield, A. Q., Elliott, M. R,, ... Bowtell, R. W. (1999). “Sparse”
temporal sampling in auditory fMRI. Human Brain Mapping, 7(3),
213-223. https://doi.org/10.1002/(SIC1)1097-0193(1999)7:3<213::
AID-HBM5>3.0.CO;2-N

Han, Q., Zhang, Y., Liu, D., Wang, Y., Feng, Y., Yin, X,, & Wang, J. (2018).
Disrupted local neural activity and functional connectivity in subjective
tinnitus patients: Evidence from resting-state fMRI study. Neuroradiol-
ogy, 60(11), 1193-1201. https://doi.org/10.1007/s00234-018-
2087-0

Healy, E. W., Moser, D. C., Morrow-Odom, K. L, Hall, D. A, &
Fridriksson, J. (2007). Speech perception in MRI scanner noise by per-
sons with aphasia. Journal of Speech, Language, and Hearing Research,
50(2), 323-334. https://doi.org/10.1044/1092-4388(2007/023)

Hennel, F., Girard, F., & Loenneker, T. (1999). “Silent” MRI with soft gradi-
ent pulses. Magnetic Resonance in Medicine, 42(1), 6-10. https://doi.
org/10.1002/(SICl1)1522-2594(199907)42:1<6::AID-MRM2>3.0.CO;
2-D

Hofmeier, B., Wolpert, S., Aldamer, E. S., Walter, M., Thiericke, J.,
Braun, C,, ... Knipper, M. (2018). Reduced sound-evoked and resting-
state BOLD fMRI connectivity in tinnitus. Neuroimage: Clinical, 20,
637-649. https://doi.org/10.1016/].nicl.2018.08.029

Hoge, R. D., Kwan, R. K., & Bruce Pike, G. (1997). Density compensation
functions for spiral MRI. Magnetic Resonance in Medicine, 38(1),
117-128. https://doi.org/10.1002/mrm.1910380117

Holland, D. J.,, Liu, C.,, Song, X., Mazerolle, E. L., Stevens, M. T,
Sederman, A. J., ... Beyea, S. D. (2013). Compressed sensing recon-
struction improves sensitivity of variable density spiral fMRI. Magnetic
Resonance in Medicine, 70(6), 1634-1643. https://doi.org/10.1002/
mrm.24621

Holmes, C. J., Hoge, R., Collins, L., Woods, R., Toga, A. W., & Evans, A. C.
(1998). Enhancement of MR images using registration for signal aver-
aging. Journal of Computer Assisted Tomography, 22(2), 324-333.
https://doi.org/10.1097/00004728-199803000-00032

Husain, F. T., & Schmidt, S. A. (2014). Using resting state functional con-
nectivity to unravel networks of tinnitus. Hearing Research, 307,
153-162. https://doi.org/10.1016/j.heares.2013.07.010

IBM Corp. Released 2020. IBM SPSS Statistics for Macintosh, Version
27.0. Armonk, NY: IBM Corp.

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., &
Smith, S. M. (2012). FSL. Neuroimage, 62, 782-790. https://doi.org/
10.1016/j.neuroimage.2011.09.015

Justen, C., & Herbert, C. (2018). The spatio-temporal dynamics of deviance
and target detection in the passive and active auditory oddball para-
digm: A sLORETA study. BMC Neuroscience, 19(1), 25. https://doi.org/
10.1186/s12868-018-0422-3

Kasper, L., Bollmann, S. Diaconescu, A. O., Hutton, C., Heinzle, J,
Iglesias, S., ... Stephan, K. E. (2017). The PhyslO toolbox for modeling
physiological noise in fMRI data. Journal of Neuroscience Methods, 276,
56-72. https://doi.org/10.1016/j.jneumeth.2016.10.019

Kasper, L., Haeberlin, M., Dietrich, B. E., Gross, S., Barmet, C., Wilm, B. J.,
... Pruessmann, K. P. (2014). Matched-filter acquisition for BOLD fMRI.
Neurolmage, 100, 145-160. https://doi.org/10.1016/j.neuroimage.
2014.05.024

Kiehl, K. A., & Liddle, P. F. (2003). Reproducibility of the hemodynamic
response to auditory oddball stimuli: A six-week test-retest study.
Human Brain Mapping, 18(1), 42-52. https://doi.org/10.1002/hbm.
10074

Kundu, P., Inati, S. J., Evans, J. W., Luh, W. M., & Bandettini, P. A. (2012).
Differentiating BOLD and non-BOLD signals in fMRI time series using


https://doi.org/10.1002/mrm.25395
https://doi.org/10.1002/mrm.1910390224
https://doi.org/10.1006/cbmr.1996.0014
https://doi.org/10.2307/1130422
https://doi.org/10.1007/BF02211869
https://doi.org/10.2196/resprot.9095
https://doi.org/10.1002/jmri.27073
https://doi.org/10.1002/jmri.27073
https://doi.org/10.5281/zenodo.2558498
https://doi.org/10.5281/zenodo.2558498
https://doi.org/10.1016/S0730-725X(02)00475-7
https://doi.org/10.1016/S0730-725X(02)00475-7
https://doi.org/10.1002/jmri.20583
https://doi.org/10.1002/hbm.20299
https://doi.org/10.1186/s13229-018-0248-y
https://doi.org/10.1007/s10548-017-0547-1
https://doi.org/10.1016/j.heares.2012.03.003
https://doi.org/10.1016/j.neuroimage.2005.07.027
https://doi.org/10.1016/j.neuroimage.2005.07.027
https://doi.org/10.1152/jn.00226.2010
https://doi.org/10.1152/jn.00226.2010
https://doi.org/10.1002/(SICI)1097-0193(1999)7:3%3C213::AID-HBM5%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1097-0193(1999)7:3%3C213::AID-HBM5%3E3.0.CO;2-N
https://doi.org/10.1007/s00234-018-2087-0
https://doi.org/10.1007/s00234-018-2087-0
https://doi.org/10.1044/1092-4388(2007/023)
https://doi.org/10.1002/(SICI)1522-2594(199907)42:1%3C6::AID-MRM2%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1522-2594(199907)42:1%3C6::AID-MRM2%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1522-2594(199907)42:1%3C6::AID-MRM2%3E3.0.CO;2-D
https://doi.org/10.1016/j.nicl.2018.08.029
https://doi.org/10.1002/mrm.1910380117
https://doi.org/10.1002/mrm.24621
https://doi.org/10.1002/mrm.24621
https://doi.org/10.1097/00004728-199803000-00032
https://doi.org/10.1016/j.heares.2013.07.010
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1186/s12868-018-0422-3
https://doi.org/10.1186/s12868-018-0422-3
https://doi.org/10.1016/j.jneumeth.2016.10.019
https://doi.org/10.1016/j.neuroimage.2014.05.024
https://doi.org/10.1016/j.neuroimage.2014.05.024
https://doi.org/10.1002/hbm.10074
https://doi.org/10.1002/hbm.10074

DAMESTANI ET AL

WILEY_L 2%

multi-echo EPI. Neurolmage, 60(3), 1759-1770. https://doi.org/10.
1016/j.neuroimage.2011.12.028

Lacadie, C. M., Fulbright, R. K. Arora, J., Constable, R. T, &
Papademetris, X. (2008). Brodmann areas defined in MNI space using
a new tracing tool in Biolmage Suite. 14th Annual Meeting of the Orga-
nization for Human Brain Mapping (Vol. 771).

Langers, D. R, Van Dijk, P., & Backes, W. H. (2005). Interactions between
hemodynamic responses to scanner acoustic noise and auditory stim-
uli in functional magnetic resonance imaging. Magnetic Resonance in
Medicine, 53(1), 49-60. https://doi.org/10.1002/mrm.20315

Lanting, C. P., De Kleine, E., & Van Dijk, P. (2009). Neural activity underly-
ing tinnitus generation: Results from PET and fMRI. Hearing Research,
255(1-2), 1-13. https://doi.org/10.1016/j.heares.2009.06.009

Leaver, A. M., Renier, L., Chevillet, M. A., Morgan, S., Kim, H. J,, &
Rauschecker, J. P. (2011). Dysregulation of limbic and auditory net-
works in tinnitus. Neuron, 69(1), 33-43. https://doi.org/10.1016/j.
neuron.2010.12.002

Leaver, A. M., Seydell-Greenwald, A., & Rauschecker, J. P. (2016). Audi-
tory-limbic interactions in chronic tinnitus: Challenges for neuroimag-
ing research. Hearing Research, 334, 49-57. https://doi.org/10.1016/j.
heares.2015.08.005

Leung, K. K., Malone, I. M., Qurselin, S., Gunter, J. L., Bernstein, M. A,
Thompson, P. M., ... Alzheimer's Disease Neuroimaging Initiative.
(2015). Effects of changing from non-accelerated to accelerated MRI
for follow-up in brain atrophy measurement. Neurolmage, 107, 46-53.
https://doi.org/10.1016/j.neuroimage.2014.11.049

Madio, D. P., & Lowe, I. J. (1995). Ultra-fast imaging using low flip angles
and fids. Magnetic Resonance in Medicine, 34(4), 525-529. https://doi.
org/10.1002/mrm.1910340407

Maier, O., Baete, S. H., Fyrdahl, A., Hammernik, K., Harrevelt, S., Kasper, L.,
... Wang, K. (2021). CG-SENSE revisited: Results from the first ISMRM
reproducibility challenge. Magnetic Resonance in Medicine, 85(4),
1821-1839. https://doi.org/10.1002/mrm.28569

Mangalathu-Arumana, J., Beardsley, S. A., & Liebenthal, E. (2012). Within-
subject joint independent component analysis of simultaneous
fMRI/ERP in an auditory oddball paradigm. Neurolmage, 60(4),
2247-2257. https://doi.org/10.1016/j.neuroimage.2012.02.030

Mathworks. MATLAB. Accessed October 2019. Version used varied
depending on compatibility with software and toolboxes.

Moelker, A., & Pattynama, P. M. (2003). Acoustic noise concerns in func-
tional magnetic resonance imaging. Human Brain Mapping, 20(3),
123-141. https://doi.org/10.1002/hbm.10134

Midiller, B. W., Jiptner, M., Jentzen, W., & Mliller, S. P. (2002). Cortical acti-
vation to auditory mismatch elicited by frequency deviant and com-
plex novel sounds: A PET study. Neurolmage, 17(1), 231-239. https://
doi.org/10.1006/nimg.2002.1176

Novitski, N., Anourova, ., Martinkauppi, S., Aronen, H. J., Naatanen, R., &
Carlson, S. (2003). Effects of noise from functional magnetic reso-
nance imaging on auditory event-related potentials in working mem-
ory task. Neuroimage, 20(2), 1320-1328. https://doi.org/10.1016/
5$1053-8119(03)00390-2

Oades, R. D., Walker, M. K., Geffen, L. B., & Stern, L. M. (1988). Event-
related potentials in autistic and healthy children on an auditory choice
reaction time task. International Journal of Psychophysiology, 6(1),
25-37. https://doi.org/10.1016/0167-8760(88)90032-3

Price, D. L., De Wilde, J. P., Papadaki, A. M., Curran, J. S., & Kitney, R. I.
(2001). Investigation of acoustic noise on 15 MRI scanners from 0.2 T
to 3 T. Journal of Magnetic Resonance Imaging, 13(2), 288-293. https://
doi.org/10.1002/1522-2586(200102)13:2<288::AID-JMRI1041>3.0.
CO;2-P

Ravicz, M. E., Melcher, J. R,, & Kiang, N. Y.-S. (2000). Acoustic noise during
functional magnetic resonance imaging. The Journal of the Acoustical
Society of America, 108, 1683-1696. https://doi.org/10.1121/1.
1310190

Rorden, C., & Brett, M. (2000). Stereotaxic display of brain lesions. Behav-
ioural Neurology, 12(4), 191-200. https://doi.org/10.1155/2000/
421719

Rosing, S. N., Schmidt, J. H., Wedderkopp, N., & Baguley, D. M. (2016).
Prevalence of tinnitus and hyperacusis in children and adolescents: A
systematic review. BMJ Open, 6(6), e010596. https://doi.org/10.
1136/bmjopen-2015-010596

Salvi, R., & Sheppard, A. (2018). Is noise in the MR imager a significant risk
factor for hearing loss? Radiology, 286, 609-610. https://doi.org/10.
1148/radiol.2017172221

Scarff, C. J,, Dort, J. C., Eggermont, J. J., & Goodyear, B. G. (2004). The
effect of MR scanner noise on auditory cortex activity using fMRI.
Human Brain Mapping, 22(4), 341-349. https://doi.org/10.1002/hbm.
20043

Seifritz, E., Di Salle, F., Esposito, F., Herdener, M., Neuhoff, J. G., &
Scheffler, K. (2006). Enhancing BOLD response in the auditory
system by neurophysiologically tuned fMRI sequence. Neuroimage,
29(3), 1013-1022. https://doi.org/10.1016/j.neuroimage.2005.
08.029

Seydell-Greenwald, A., Leaver, A. M. Turesky, T. K, Morgan, S.,
Kim, H. J., & Rauschecker, J. P. (2012). Functional MRI evidence for a
role of ventral prefrontal cortex in tinnitus. Brain Research, 1485,
22-39. https://doi.org/10.1016/j.brainres.2012.08.052

Shah, N. J., Jancke, L., Grosse-Ruyken, M. L., & Miuiller-Gartner, H. W.
(1999). Influence of acoustic masking noise in fMRI of the auditory
cortex during phonetic discrimination. Journal of Magnetic Resonance
Imaging, 9(1), 19-25. https://doi.org/10.1002/(SICI)1522-2586
(199901)9:1<19::AID-JMRI3>3.0.CO;2-K

Sheppard, A., Chen, Y. C., & Salvi, R. (2018). MRI noise and hearing loss.
The Hearing Journal, 71(4), 30-33. https://doi.org/10.1097/01.HJ.
0000532395.75558.2d

Shrout, P. E., & Fleiss, J. L. (1979). Intraclass correlations: Uses in assessing
rater reliability. Psychological Bulletin, 86(2), 420. https://doi.org/10.
1037/0033-2909.86.2.420

Solana, A. B., Menini, A, Sacolick, L. I, Hehn, N., & Wiesinger, F. (2016).
Quiet and distortion-free, whole brain BOLD fMRI using T,-prepared
RUFIS. Magnetic Resonance in Medicine, 75(4), 1402-1412. https://doi.
org/10.1002/mrm.25658

Squires, N. K., Squires, K. C., & Hillyard, S. A. (1975). Two varieties of long-
latency positive waves evoked by unpredictable auditory stimuli in
man. Electroencephalography and Clinical Neurophysiology, 38(4),
387-401. https://doi.org/10.1016/0013-4694(75)90263-1

Stevens, M. C., Calhoun, V. D., & Kiehl, K. A. (2005). Hemispheric differ-
ences in hemodynamics elicited by auditory oddball stimuli.
Neurolmage, 26(3), 782-792. https://doi.org/10.1016/j.neuroimage.
2005.02.044

Stiegler, L. N., & Davis, R. (2010). Understanding sound sensitivity in indi-
viduals with autism spectrum disorders. Focus on Autism and Other
Developmental Disabilities, 25(2), 67-75. https://doi.org/10.1177/
1088357610364530

Tustison, N. J, Avants, B. B., Cook, P. A, Zheng, Y. Egan, A,
Yushkevich, P. A, & Gee, J. C. (2010). N4ITK: Improved N3 bias cor-
rection. IEEE Transactions on Medical Imaging, 29(6), 1310. https://doi.
org/10.1109/TMI1.2010.2046908

Wiesinger, F., Menini, A., & Solana, A. B. (2019). Looping Star. Magnetic
Resonance in Medicine, 81(1), 57-68. https://doi.org/10.1002/mrm.
27440

Wiesinger, F., Sacolick, L. I., & Menini, A. (2016). Zero TE MR bone imaging
in the head. Magnetic Resonance in Medicine, 75, 107-114. https://doi.
org/10.1002/mrm.25545

Wolak, T., Ciesla, K., Rusiniak, M., Pilka, A., Lewandowska, M., Pluta, A, ...
Skarzynski, P. H. (2016). Influence of acoustic overstimulation on the
central auditory system: An functional magnetic resonance imaging
(fmri) study. Medical Science Monitor: International Medical Journal of


https://doi.org/10.1016/j.neuroimage.2011.12.028
https://doi.org/10.1016/j.neuroimage.2011.12.028
https://doi.org/10.1002/mrm.20315
https://doi.org/10.1016/j.heares.2009.06.009
https://doi.org/10.1016/j.neuron.2010.12.002
https://doi.org/10.1016/j.neuron.2010.12.002
https://doi.org/10.1016/j.heares.2015.08.005
https://doi.org/10.1016/j.heares.2015.08.005
https://doi.org/10.1016/j.neuroimage.2014.11.049
https://doi.org/10.1002/mrm.1910340407
https://doi.org/10.1002/mrm.1910340407
https://doi.org/10.1002/mrm.28569
https://doi.org/10.1016/j.neuroimage.2012.02.030
https://doi.org/10.1002/hbm.10134
https://doi.org/10.1006/nimg.2002.1176
https://doi.org/10.1006/nimg.2002.1176
https://doi.org/10.1016/S1053-8119(03)00390-2
https://doi.org/10.1016/S1053-8119(03)00390-2
https://doi.org/10.1016/0167-8760(88)90032-3
https://doi.org/10.1002/1522-2586(200102)13:2%3C288::AID-JMRI1041%3E3.0.CO;2-P
https://doi.org/10.1002/1522-2586(200102)13:2%3C288::AID-JMRI1041%3E3.0.CO;2-P
https://doi.org/10.1002/1522-2586(200102)13:2%3C288::AID-JMRI1041%3E3.0.CO;2-P
https://doi.org/10.1121/1.1310190
https://doi.org/10.1121/1.1310190
https://doi.org/10.1155/2000/421719
https://doi.org/10.1155/2000/421719
https://doi.org/10.1136/bmjopen-2015-010596
https://doi.org/10.1136/bmjopen-2015-010596
https://doi.org/10.1148/radiol.2017172221
https://doi.org/10.1148/radiol.2017172221
https://doi.org/10.1002/hbm.20043
https://doi.org/10.1002/hbm.20043
https://doi.org/10.1016/j.neuroimage.2005.08.029
https://doi.org/10.1016/j.neuroimage.2005.08.029
https://doi.org/10.1016/j.brainres.2012.08.052
https://doi.org/10.1002/(SICI)1522-2586(199901)9:1%3C19::AID-JMRI3%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1522-2586(199901)9:1%3C19::AID-JMRI3%3E3.0.CO;2-K
https://doi.org/10.1097/01.HJ.0000532395.75558.2d
https://doi.org/10.1097/01.HJ.0000532395.75558.2d
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1002/mrm.25658
https://doi.org/10.1002/mrm.25658
https://doi.org/10.1016/0013-4694(75)90263-1
https://doi.org/10.1016/j.neuroimage.2005.02.044
https://doi.org/10.1016/j.neuroimage.2005.02.044
https://doi.org/10.1177/1088357610364530
https://doi.org/10.1177/1088357610364530
https://doi.org/10.1109/TMI.2010.2046908
https://doi.org/10.1109/TMI.2010.2046908
https://doi.org/10.1002/mrm.27440
https://doi.org/10.1002/mrm.27440
https://doi.org/10.1002/mrm.25545
https://doi.org/10.1002/mrm.25545

2% | WILEY

DAMESTANI ET AL.

Experimental and Clinical Research, 22, 4623-4635. https://doi.org/10.
12659/MSM.897929

Woo, C. W., Krishnan, A., & Wager, T. D. (2014). Cluster-extent based
thresholding in fMRI analyses: Pitfalls and recommendations.
Neurolmage, 91, 412-419. https://doi.org/10.1016/j.neuroimage.
2013.12.058

Worsley, K. J., Marrett, S., Neelin, P., Vandal, A. C, Friston, K. J,, &
Evans, A. C. (1996). A unified statistical approach for determining sig-
nificant signals in images of cerebral activation. Human Brain Mapping,
4(1), 58-73. https://doi.org/10.1002/(SIC1)1097-0193(1996)4:1<58::
AID-HBM4>3.0.CO;2-0

Wronka, E. A, Kaiser, J., & Coenen, A. M. (2008). The auditory P3 from
passive and active three-stimulus oddball paradigm. Acta
Neurobiologiae Experimentalis (Wars), 68(3), 362-372 Retrieved from
https://hdl.handle.net/2066/73462

Wau, Y., Dai, G., & Ackerman, J. L. (2007). Water- and fat-suppressed pro-
ton projection MRI (WASPI) of rat femur bone. Magnetic Resonance in
Medicine, 57, 554-567. https://doi.org/10.1002/mrm.21174

Yakunina, N., Kang, E. K, Tae, S. K., Min, J.-H., Kim, S. S., & Nam, E.-C.
(2015). Effects of scanner acoustic noise on intrinsic brain activity dur-
ing auditory stimulation. The Neuroradiology Journal, 57, 1063-1073.
https://doi.org/10.1007/s00234-015-1561-1

Yarkoni, T., Poldrack, R. A., Nichols, T. E., Van Essen, D. C., & Wager, T. D.
(2011). Large-scale automated synthesis of human functional neuroim-
aging data. Nature Methods, 8(8), 665. https://doi.org/10.1038/nmeth.
1635 Retrieved from https://neurosynth.org

Zong, X., Lee, J., Poplawsky, A. J,, Kim, S. G., & Ye, J. C. (2014). Com-
pressed sensing fMRI using gradient-recalled echo and EPI sequences.
Neurolmage, 92, 312-321. https://doi.org/10.1016/j.neuroimage.
2014.01.045

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Damestani NL, O'Daly O, Solana AB,
et al. Revealing the mechanisms behind novel auditory stimuli
discrimination: An evaluation of silent functional MRI using
looping star. Hum Brain Mapp. 2021;42:2833-2850. https://
doi.org/10.1002/hbm.25407



https://doi.org/10.12659/MSM.897929
https://doi.org/10.12659/MSM.897929
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1002/(SICI)1097-0193(1996)4:1%3C58::AID-HBM4%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0193(1996)4:1%3C58::AID-HBM4%3E3.0.CO;2-O
https://hdl.handle.net/2066/73462
https://doi.org/10.1002/mrm.21174
https://doi.org/10.1007/s00234-015-1561-1
https://doi.org/10.1038/nmeth.1635
https://doi.org/10.1038/nmeth.1635
https://neurosynth.org
https://doi.org/10.1016/j.neuroimage.2014.01.045
https://doi.org/10.1016/j.neuroimage.2014.01.045
https://doi.org/10.1002/hbm.25407
https://doi.org/10.1002/hbm.25407

	Revealing the mechanisms behind novel auditory stimuli discrimination: An evaluation of silent functional MRI using looping...
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Oddball paradigm
	2.3  fMRI acquisition
	2.4  fMRI preprocessing
	2.5  fMRI analysis-group level SPM
	2.6  fMRI analysis-between-modality comparison
	2.7  fMRI analysis-between-session differences
	2.7.1  Group level intra-class correlation-within modality
	2.7.2  Intra-voxel reliability-within modality
	2.7.3  Comparison of intra-voxel reliability-between modality

	2.8  Image quality measures
	2.9  Sound level measurements

	3  RESULTS
	3.1  Looping Star acoustic noise and image quality characteristics
	3.2  Physiological and behavioural responses
	3.3  Whole-brain voxel-wise GLM random-effects analysis
	3.4  Quantitative comparison between modalities (within session)
	3.5  Quantitative comparison between sessions (within modality)

	4  DISCUSSION
	4.1  Summary of results
	4.2  Physiological and behavioural data
	4.3  Whole-brain voxel-wise random-effects analysis
	4.4  Measurement of between-modality differences
	4.5  Measurement of between-session reliability
	4.6  Limitations and future work

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


