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Abstract

This work aims to estimate severe fMRI scanning artifacts in extracellular neural recordings made
at ultrahigh magnetic field strengths in order to remove the artifact interferences and uncover

the complete neural electrophysiology signal. We build on previous work that used PCA to
denoise EEG recorded during fMRI, adapting it to cover the much larger frequency range (1-
6000 Hz) of the extracellular field potentials (EFPs) observed by extracellular neural recordings.
We examine the singular value decomposition (SVD)-PCA singular value shrinkage (SVS) and
compare two shrinkage rules and a sliding template subtraction approach. Additionally, we present
a new technique for estimating the singular value upper bounds in spontaneous neural activity
recorded in the isoflurane anesthetized rat that uses the temporal first difference of the neural
signal. The approaches are tested on artificial datasets to examine their efficacy in detecting
extracellular action potentials (EAPs: 300-6000 Hz) recorded during fMRI gradient interferences.
Our results indicate that it is possible to uncover the EAPs recorded during gradient interferences.
The methods are then tested on natural (non-artificial) datasets recorded from the cortex of
isoflurane anesthetized rats, where both local field potential (LFP: 1-300 Hz) and EAP signals
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are analyzed. The SVS methods are shown to be advantageous compared to sliding template
subtraction, especially in the high frequency range corresponding to EAPs. Our novel approach
moves us towards simultaneous fMRI and completely sampled neural recording (1-6000Hz with
no temporal gaps), providing the opportunity for further study of spontaneous brain function and
neurovascular coupling at ultrahigh field in the isoflurane anesthetized rat.

Index Terms—

artifacts; denoising; extracellular action potentials; fMRI; local field potentials; multi-modal;
singular value shrinkage

.  INTRODUCTION

Functional magnetic resonance imaging (fMRI) is a tremendously useful tool for observing
brain activation and functional connectivity at the whole brain scale non-invasively. The
most common fMRI contrast is based on the blood-oxygen-level-dependent (BOLD)
mechanism, which originates from a hemodynamic response to neuronal activity change
[1]-[4]. However, the brain hemodynamics are not a direct measure of the underlying neural
activity but are related through neurovascular coupling. The neurovascular coupling between
the underlying neural activity and the hemodynamic changes measured with fMRI has been
of interest to researchers for several decades [5] and requires a direct measure of neural
signals for comparison with the fMRI data, ideally at the scale of neural computational

units such as functional columns and laminae. The study of neurovascular coupling using
ultrahigh field (UHF) fMRI is particularly interesting, due to improvements in signal-to-
noise ratio (SNR) and contrast-to-noise ratio (CNR) at UHF, the ability to use smaller
voxels, and the improvement in microvascular signal contributions at UHF that localize
BOLD contrast to regions of neural signaling [6], [7].

Electroencephalography (EEG) measured with scalp surface electrodes, electrocorticography
(ECoG) measured on the surface of the cortex, and extracellular field potentials (EFPS)
measured with electrodes penetrating the brain are all direct measures of electrochemical
neural activity that observe electric fields generated by neuronal signaling and neural
computation in the brain. All these techniques can be used to provide complimentary
information for comparison with hemodynamic fMRI data and provide different tradeoffs in
recording range, signal localization, SNR, and invasiveness.

Ideally, the neural signals and fMRI data are collected simultaneously and co-localized
for comparison, though this presents a few challenges including the potential introduction
of image artifacts to the fMRI data due to the susceptibility effect caused by

incompatible electrode materials within the imaging field-of-view (FOV) [8]-[10], as well
as strong artifacts in the neural recording due to interactions between the rapidly altered
electromagnetic fields generated during fMRI acquisition and the recording hardware. The
artifacts in the neural recording data are caused by the radiofrequency (RF) pulse used to
excite spins for fMRI, and by the lower frequency alternated gradients used for spatially
encoding the MRI signals, as illustrated in Figure 1.
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The artifacts in the neural recording data caused by MRI scanner operation must be
mitigated to study neurovascular coupling. Mitigation can be accomplished by preventing
or reducing the artifacts with custom hardware, or by using software-based approaches

to remove the artifacts either in real-time or in post-processing the data. A combination
of hardware and software techniques may provide the best result. Developing custom
recording hardware may be beyond the reach of some labs, but fortunately commercially
available recording amplifiers with large range and fast settling times are now available
for extracellular recording. Assuming that hardware with adequate range, resolution, and
settling time is available, software-based techniques are generally still needed to clean
scanning artifacts or their residuals.

Methods for removing fMRI artifacts from EEG data have been thoroughly investigated
[11]-[17], [19], but demonstrations of separating fMRI artifacts from extracellular field
potentials (EFPs) have been more limited [5], [18], [20]. The EFP signal can be further
broken into the local field potential (LFP: 1-300 Hz), and extracellular action potential
(EAP: 300-6000 Hz) ranges. Two common approaches used for separating fMRI from EEG
and EFPs are template subtraction and principal component analysis (PCA). The utility

of these approaches for uncovering lower frequency signals such as EEG and LFP has
been demonstrated, and detection of EAPs between gradient interferences is also possible.
However, to the authors’ knowledge, the recovery of EAPs occurring during fMRI gradient
interferences remains an open problem. The significance of observing EAPs during the
fMRI gradient interferences is that higher duty cycle fMRI could be used to increase
spatial and temporal resolution of fMRI during EFP recording, perhaps improving our
understanding of neurovascular coupling.

In this paper, we present a new approach to fMRI gradient artifact estimation that builds

on the previous PCA-based approaches used for EEG, and test the new method on both
LFPs and EAPs recorded during fMRI gradient interferences, with the goal of achieving
complete sampling of the EFP (1-6000 Hz with no temporal gaps) during fMRI. We use the
approach of average artifact removal (template subtraction) and then perform singular value
shrinkage (SVS) on the singular value decomposition (SVD)-PCA transformed residuals,
with the novelty of applying these operations of the temporal first difference of the EFP
signals. Two SVS methods are compared to a sliding template subtraction method and
tested on both artificial and natural EAP data. The sliding template subtraction is used as

a baseline for comparison because PCA based approaches are not well quantified in the
literature and weren’t specifically developed to cover the whole frequency range of interest.
Additionally, we demonstrate that SVS criteria can be automatically determined from the
temporal first difference of a baseline recording period in the isoflurane anesthetized rat. The
EFP and artifact estimates are reconstructed by cumulative summation (integration) of the
filtered first difference signals recorded during fMRI. A preliminary version of this work
was presented in a brief conference abstract [30].
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[I. MetHobs

A. Animal Preparation

Chronic neural electrode implantation was performed in female Sprague-Dawley rats (n =
4) using aseptic techniques. Anesthesia was induced with 5% isoflurane in an induction
chamber, followed by oral intubation and positioning in a stereotaxic frame. Isoflurane

was reduced to 2% for the duration of the surgery. Breathing and body temperature were
monitored and supported by a ventilator and heated water bath to maintain them within the
normal physiological range. A 0.5-1.5 mm diameter craniotomy and durotomy was made
over the sensory/motor area for electrode insertion. An additional craniotomy was performed
several mm posterior to the first for reference/ground wire contact and in some cases a
brass skull screw was used. A nonferrous 16 channel multi-electrode array (NeuroNexus)
was placed in the sensory/motor cortex. The electrode and reference/ground wire were fixed
in place with dental cement and the rat was allowed to recover for one week prior to
additional experiments. Similar anesthetic, monitoring, and support procedures were used
for subsequent neural recording experiments. Differences included the use of a nose cone in
place of oral intubation and maintaining an anesthesia level between 1% and 2% isoflurane
for neural signal recording.

Additionally, an acute recording experiment was performed in a female rat (n = 1) to collect
additional EAP data. Surgical techniques were like the chronic implantation procedures, but
the electrode was not permanently fixed in place and could be repositioned to acquire EAP
data. Additionally, cannulation of the femoral vein was performed to administer potassium
chloride (150 mg/kg) euthanasia at the end of the experiment.

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Minnesota.

B. Extracellular Neural Signal Acquisition

Data were recorded from the sensory/motor cortex using NeuroNexus 16-channel multi-
electrode arrays, and a Tucker Davis Technologies (TDT) system at approximately 25 kHz
and 250 nV/bit resolution with an input range of £500 mV. Data were recorded without the
use of optional digital filters and were saved for post processing. Recordings were made
inside the MRI scanner with hardware disabled and during fMRI scanning in 3 rats. Baseline
recordings on the surgical table were made in 2 additional rats (1 chronic, 1 acute).

C. fMRI Acquisition Parameters

Magnetic resonance imaging (MRI) was performed using a 16.4T 26-cm horizontal bore
small animal research scanner controlled by a Varian console using a single loop proton

RF coil. fMRI data were acquired using gradient-echo echo-planar imaging (EPI) with a
repetition time (TR) of 1000 ms, echo time (TE) of 11 or 12 ms, 375 um in-plane resolution,
0.5 mm slice thickness, 8 slices, single-shot, 300 repetitions. Neural recording data were
simultaneously collected during the fMRI acquisition in 3 chronically implanted rats.
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D. Singular Value Boundary of the First Difference of Spontaneous EFP Recorded in
Anesthetized Rats

At this point it is appropriate to examine a few properties of the spontaneous EFP acquired
in isoflurane anesthetized rats, and its temporal first difference, that we will make use of
in subsequent artifact estimation. Several interesting things happen when taking the first
difference of the extracellular neural signal, which are depicted in Figures 2 and 3.

Figure 2 shows the amplitude versus time, power spectral density (PSD) estimate,
normalized histogram, and autocorrelation function for an example recorded EFP (a-d) and
its first difference (e-h). Taking the first difference of the EFP in (a) results in a signal that
appears closer to a white noise signal (e), though some differences are apparent. White noise
has zero mean, finite variance, and the sequence is uncorrelated. These properties result

in a flat power spectrum and an autocorrelation that is a delta function [21]. Furthermore,
the white noise may be Gaussian if its probability density function (PDF) is the normal
(Gaussian) distribution. To further investigate the ‘whiteness’ of the first difference of the
extracellular neural signal, we plotted the PSD estimate, histogram of the data (normalized
to have area of 1), and the signal autocorrelation. In comparison with the PSD of the
extracellular neural signal (Figure 2b) which has approximately 1/f profile in the LFP range,
the first difference PSD (Figure 2f) is significantly flatter (although not perfectly flat).

This occurs because taking the signal derivative in the time domain results in scaling by
frequency in the frequency domain, so the 1/f shape goes to approximately a constant in the
lower frequencies (effectively high-pass filtering the signal). The higher frequency signals
corresponding to the EAP range are also scaled by frequency and contribute more to the
first difference signal than lower frequency LFP. Furthermore, the histogram of the first
difference of the signal is normally distributed (Figure 2g) suggesting nearly Gaussian noise,
and its autocorrelation is nearly a delta function (Figure 2h). So, while the first difference of
the extracellular neural signal is not exactly Gaussian white noise, it is similar to Gaussian
white noise. Here, it should be noted that while temporal differences have previous been
used in the literature with time-series data to convert the data into a stationary signal, to

our knowledge this is the first ever result showing that the first temporal difference of the
EFP neural signal results in a Gaussian white noise signal with an approximately flat power
spectral density.

Another interesting comparison can be made by examining the singular value spread of the
windowed data. For an M x N random matrix (assume M < N for simplicity), the singular
values are known to follow the Marchenko-Pastur (MP) distribution with the largest and
smallest singular values bounded by Equation (1) [22]-[24]:

se=oyNU 2B f=20<p< ®

These bounds are referred to as the positive and negative bulk edges of the distribution.
Substantial work has been performed on denoising noisy low rank matrices based on
knowledge of the MP distribution including determination of optimal values for hard and
soft singular value shrinkage [25], denoising diffusion MRI data by iterative estimation of
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matrix rank and truncated SVD denoising [26], and optimal shrinkage of singular values
under various loss functions [27].

The upper and lower singular values calculated from spontaneous EFPs recorded from 5
rats are presented in Figure 3. The data were first upsampled by a factor of 4 using the
spline method in MATLAB. Upsampling was performed to mimic the windowing necessary
for artifact removal where increased sampling aids in artifact alignment. Singular values
were normalized by sqrt(N) and are plotted as a function of o. The solid lines in Figure

3 correspond to Equation (1), where 8= M/N*4 to account for the effects of spline
upsampling by a factor of 4. The singular values were observed to fall slightly outside

the estimated bulk edges from Equation (1), and we found (through choice of parameters
and allowing for a slightly stronger influence of g) that the bounds can be more closely
approximated by Equation (2):

si=thi %%—%ﬁn @

The relationships in Equations (1) and (2) provide a way to estimate the upper cutoff of
singular values corresponding to neural signals and can help in separating artifacts from

the meaningful EFPs. While Equation (1) provides the theoretical values for a purely
random signal, Equation (2) better matches the data for the spontaneous EFPs which are

not completely random signals. The value of o can be estimated from a brief baseline period
prior to fMRI scanning.

E. Artifact Estimation by SVS

This section overviews the primary steps used to separate fMRI artifacts from EFPs using
SVS on the first difference of the signals. Initially, data are processed to enable precise
alignment of artifacts. This is done by high-pass filtering at 500 Hz to remove low frequency
drifting, spline upsampling the data by a factor of 4, windowing data by the known repetition
time (TR) and computing cross correlations to improve artifact alignment across repetitions,
then resampling the data to allow for an integer number of samples per TR. Upsampling/
interpolation steps have been used in fMRI artifact removal from EEG data in the literature
[11], [15]. Next, the noise level of the first difference of EFP signals is estimated from
baseline periods of upsampled data (approximately 150 seconds) prior to fMRI scanning.

Subsequently, the first difference of upsampled full spectrum EFP data contaminated by
artifacts is computed and windowed in tapered overlapping windows to form matrices Y.
Tapered overlapping windows are used to avoid reconstruction errors occurring at window
boundaries. The Y matrices are assumed to consist of a linear combination of artifacts,
neural signals, and noise. Note that the recording amplifier must not saturate for this
assumption to hold. Y is an observation matrix of aligned data. X is the unknown artifact
contribution; Z is the unknown neural signal contribution plus noise.

Y=X+Z ®
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There is generally more than one matrix Y to process. For example, if the window length is
set to the repetition time with 50% window overlap, there will be two Y matrices to process.
We used tapered windows of length 250 ms with 75% overlap. Therefore, 16 windows are
required for a TR of 1 second, so there are 16 Y matrices. Our goal is to estimate the
unknown contributions from the artifact matrix X and the signal plus noise matrix Z. We
refer to the estimates of X and Z as X and Z respectively, and require their sum to be equal
to the observed matrix Y.

Y=X+2Z )

For each N by M matrix Y, where N is the number of samples in each window (variables)
and M is the number of repetitions (observations), we first remove the effect of the tapered
window and then separate the average waveform, ¥, from the matrix (zero mean the
variables by subtracting the row means).

Y=Y+(Y-Y) (5)

The average waveform is the mean artifact with approximately no neural signal. The
first difference of the EFP has an autocorrelation near zero for nonzero lag (i.e., the
autocorrelation is approximately a delta function), so averaging across time substantially
reduces the neural signal contribution. However, the first difference preserves the
autocorrelation of the artifact signal.

The average artifact waveform is generally not an adequate template to clean individual
artifact instances from the neural signal, because instances of each artifact have small
differences from each other [11], [15], [16]. This is especially true in the higher frequency
range necessary to observe the EAPs. These differences could be due to small movements

of the recording hardware in the magnetic field of the scanner due to animal motion or
hardware vibration, due to noise in the recording, or other stochastic processes. Furthermore,
because the artifacts are very large (tens of mV or more) in comparison to the neural signals
of interest (around 0.5 to 1 mV for LFP, and around 0.1 mV for EAP), even small errors
leave large residuals in comparison to the scale of neural signals. Therefore, we need to
account for the residuals by capturing the differences from the average waveform. The use of
PCA has been proposed for this purpose in EEG data (sub-100 Hz) [15], [16], inspiring us
to take a PCA-based approach to removing the artifacts but extending the method to allow
inclusion of higher frequency content of the signal to include the EAPs (up to 6000 Hz).

We follow the same logic of using PCA, because it transforms our data into a representation
where the basis functions are uncorrelated and arranged in order of largest variance from the
mean. Specifically, we perform PCA by using the fat economy singular value decomposition
(SVD) on the matrix after removing the variable means. We transpose the matrix Y so

that the rows are the M repetitions (observations) and the columns are the N samples in

each window (variables) to follow the typical SVD-PCA convention. Equation (5) can be
re-written as in Equation (6) after SVD of the mean-removed matrix.
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YT =y +usvT ®)

The singular value decomposition USV T of (Y- Y)T can be equivalently written as the
summation of the singular values scaling the inner product of the left and right singular
vectors.

YT = 17 + z s,u,v, )

We use nonlinear shrinkage of the singular values to estimate artifact residuals, where n(s/)
is a general nonlinear shrinkage of the scalar singular value s;such that 0 < n(s/ )< s, see
[25], [27] for information about low-rank matrix estimation and denoising using singular
value shrinkage. We showed that the first difference of spontaneous EFPs recorded in the
anesthetized rat results in a noise-like signal with predictable bounds on singular values. The
Y matrices formed by the first difference of EFPs contaminated with EPI gradient artifacts
is approximately low rank, because the artifact waveforms are much larger than the neural
signals and dominate the SVD-PCA in the first several principal data directions. Therefore,
we can use knowledge of the bounds on the singular values of the first difference of EFPs
to inform our SVS for estimation of the approximately low rank artifact matrix X. We can
rewrite Equation (7) to incorporate the shrinkage of singular values as Equation (8).

YI=¥ 4 )" sl + 0 (= n(s)u! ®

Then our updated artifact estimate based on the mean waveform and residuals from singular
value shrinkage is given by Equation (9), and following from Equation (4), the estimate of
the neural signal contribution plus noise is given by Equation (10).

=Y 4+ Z n(spuvl )

5T

m
z = Zi _ Gi= n(s)upl (10)

We chose to test two approaches to the SVS. First, we used a conservative approach with
soft thresholding as our nonlinear shrinkage function [27], where the soft threshold shrinker
is given by Equation (11) for a threshold z.

Nsofi(si» 7) = max(0, s; — 7) (11)

For any = >0, the estimate of neural signals contains contributions from every principal
axis. This approach is very conservative and should completely preserve neural signals Z
in the observed matrices Y while estimating the artifact contribution X. For this shrinkage
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approach, we used the more conservative estimate of the upper bound of singular values
from Equation (2).

We also tested a more aggressive approach using the optimal shrinkage rule for the case of
i.i.d. noise [27], given by Equation (12)

Sli (2= s2)(F—s2), 5 2 54

nopt(si) = (12)
0, 5; < Sy

In this more aggressive case, we used the unmodified estimate of the upper and lower
bounds of singular values from Equation (1). Note that the shrinker given by Equation (12)
is optimal for i.i.d. noise under the Frobenius norm loss function, as is the estimate on the
singular value bounds given by Equation (1). The first difference of the spontaneous EFPs
recorded in the anesthetized rat cortex is certainly not i.i.d. noise. Nonetheless the approach
was found to be useful.

After singular value shrinkage using both approaches, the tapered windows were reapplied
to the segments of Y. Then, the data were reconstructed by window summation into the first
difference estimates of X and Z. The cumulative sums were computed to reconstruct the
neural signals and artifacts from their first difference representations. Finally, the data were
downsampled and reshaped into vectors corresponding to the original form of the recorded
data.

F. Artifact Estimation by Sliding Template Subtraction

A sliding template subtraction approach was also implemented for comparison with the
SVS methods. Initial upsampling and alignment steps matched those used for the SVS
approaches. The well aligned and upsampled data were windowed by TR. At each artifact
occurrence, the mean artifact computed by averaging the window with the closest 24
windows (12 on either side, non-causal) was subtracted from the data. This was performed
on the EFP data directly, not on the first difference. Data were then downsampled are
reshaped into vectors corresponding to the original form of the recorded data.

G. LFP Filtering and Quantification

After artifact and neural signal estimation, the LFP was isolated by low-pass filtering at

300 Hz using a zero-phase FIR (finite impulse response) filter. Subsequently the data were
downsampled to approximately 3000 Hz, and a 1 Hz high-pass zero-phase IIR (infinite
impulse response) filter was used to remove low frequency drift. Noise at 60 Hz and its
harmonics from powerline interference were filtered using adaptive LMS filters. Multi-taper
spectral analysis was performed in 1 second windows with 75% overlap and NW product of
5/2. PSDs of the total experiment duration were also computed using Welch’s method.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2023 July 01.
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H. EAP Filtering and Quantification

The EAP signal was obtained by zero-phase FIR band-pass filtering the neural signal
estimate from 300 to 6000 Hz. For data acquired inside the MRI scanner with gradient
amplifiers enabled, adaptive virtual referencing was used with a step size of 1e-8 to remove
correlated broadband gradient noise [28]. EAPs were detected using a 5o threshold, with o
estimated by median {|x| /0.6745 as described in [29]. Afterwards, the windowed spike rate
estimate for each channel was computed using Gaussian windows 500 ms in length with
75% overlap.

I. Generation of Artificial EAP Data for Testing

One difficulty in testing the efficacy of fMRI artifact removal techniques on uncovering the
EAP from gradient artifacts is the uncertainty in EAP timing in naturally acquired data.
Therefore, we generated artificial EAP data with known EAP timing that was contaminated
by fMRI gradient artifacts. The artificial data were constructed from data naturally acquired
from the cortex of isoflurane anesthetized rats. EAP timing and waveforms were extracted
from multichannel benchtop recordings taken on the surgical table in two rats (1 chronic
implant, 1 acute). Recordings reaching a minimum firing rate of 10 Hz with a 5o detection
threshold were used. 600 second windows were taken from 24 unique recording locations
(chronic implant 9 locations, acute implant 15 locations), and a total of 77 epochs of EAP
waveform and timing data were extracted.

The detected EAP waveforms and timings were then superimposed on EFPs recorded from
3 rats during fMRI on channels that were confirmed to lack EAP activity (maximum of

1 threshold crossing per 500 ms window in baseline period). In total we found 38 unique
locations (12,16,10 respectively in the 3 rats) that met our criteria for no EAP activity. For
each rat, 3 repeated fMRI recordings were tested, generating a total of 103 epochs lacking
EAP activity but containing fMRI artifacts. For each of the 103 epochs, a random integer
was generated to select the extracted EAP waveform and timing data to superimpose onto
the EFP. Sampling was done trial-by-trial without replacement to avoid multiple channels
with the same superimposed EAPs in a single trial. Each epoch was 600 seconds in length,
with 300 seconds of fMRI artifacts.

The EAP waveform and timing was also superimposed onto a software-generated band-
limited noise signal from 300-6000 Hz with matched standard deviation to the EFP data that
lacked EAPs. This provided ‘control’ signals for comparing the artificial EAP signals after
artifact removal. This was performed 4 times for each epoch to generate additional control
data to test against, and to quantify control data with itself.

[Il. ResuLts

A. Testing on Artificial EAP Data

The 103 epochs of artificial EAP data contaminated by fMRI artifacts were denoised by 4
methods: SVS with the optimal shrinker in Equation (12) referred to as SVS approach A,
SVS with soft shrinker in Equation (11) referred to as SVS approach B, average waveform
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removal from first difference data without any SVS referred to as no SVS, and sliding
template subtraction described in Section II.F.

An example typical result showing the feasibility of removing fMRI artifacts throughout the
EAP frequency range is presented in Figure 4, which depicts a short period of time from

the EAP simulation with the most EAP events. The SVS A approach removed artifacts and
preserved EAP event detectability extremely well in this case. The spike rate estimates in
Figure 4d of the noise-matched control and artifact removed data match very well. This
demonstrates the possibility of recovering EAP activity from fMRI artifact contaminated
data without the need for signal nullification during artifacts.

Note that the example presented in Figure 4 shows a case where artifact removal was
excellent. Such impressive results were not obtained for all 103 epochs but could be
achieved in over 90 percent of cases. Additional examples showing excellent artifact
removal can be found in the Supplemental Material. Better matches in the spike rates
between controls and denoised data were generally better for EAP simulations with higher
spike rates and larger amplitude EAPs. Additionally, two channels had recording issues
and reported very low spike rates. Hence these channels contained residual artifacts when
processed by any of the artifact removal methods tested. When large, these residuals are
incorrectly identified as EAP activity.

We computed the estimated spike rates of each simulated epoch after artifact removal with
the 4 methods described above and computed estimated spike rates for each epoch from 4
noise-level matched controls. The absolute error (AE) for each method was computed with
respect to each of the 4 noise-level matched controls, and the controls were compared among
themselves for quantification. An example of the quantifications performed on simulation
data are presented in Figure 5. The absolute errors for the SVS methods are substantially
lower compared to no SVS and the sliding template method (notice the difference in vertical
scales).

The mean absolute errors (MAE) for each method for all 103 epochs tested against each
noise-matched control are presented in Figure 6 in box and whisker plots. The box medians
are 1.50 for SVS A, 1.76 for SVS B, 17.78 for no SVS, 9.02 for sliding template, and 1.17
for comparisons between noise-matched controls. Noise-matched control data (4 per epoch)
were quantified against each other to estimate the best achievable performance considering
the stochastic band-limited noise added to each noise-matched control. The SVS methods
approach the performance of noise control comparisons, with SVS A performing slightly
better than SVS B. Prior to SVS (mean artifact removal on first difference only), the MAE
is large. Sliding template subtraction on the EFP performed better than the no SVS method
but was less effective than the SVS approaches. None of the methods achieved perfect
performance, with outliers in the SVS methods indicating some epochs with MAEs over

5 spikes/s. The MAE was exclusively used in this paper to compare spike rate estimation
accuracy as it captures both positive and negative errors without scaling/penalizing larger
errors more aggressively.
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The artificial EAP data contaminated with fMRI artifacts provides the opportunity to explore
the denoised data to investigate if EAPs can be separated from fMRI artifacts occurring
during the EAP event. Figure 7 shows noise-matched control EAP data, and artifact
denoised EAP data using the 4 methods tested. The shaded regions correspond to the fMRI
artifact timing. The EAPs from the control data are also observable in the artifact denoised
data. This example demonstrates the feasibility of extracting EAPs, even those occurring
during fMRI artifacts, using SVS approaches and even sliding template methods. The SVS
methods are preferred due to lower MAE in determining the spike rate, as shown in Figure
6, because high frequency artifact residuals are more effectively eliminated. Additional
examples are provided in the supplementary information.

B. Testing Naturally Acquired Data

After verifying the possibility of observing EAPs during fMRI artifacts through testing

on artificially generated data, we proceeded to test two artifact removal methods on

naturally acquired data. EFPs were recorded during fMRI scanning at 16.4T in 3 chronically
implanted rats, (Rat C1: 6 trials on one day, Rat C2: 3 trials on one day, Rat C3: 6 trials total,
3 per day on separate dates). The SVS A and sliding template subtraction methods were
performed to remove fMRI artifacts from the full spectrum (1-6000 Hz) of EFPs.

An example of fully sampled EFPs recorded during fMRI is presented in Figure 8. The left
side of the figure shows artifact-contaminated data and the extracted EAPs and LFPs and
their quantification during the full 300 second duration of scanning. The right side shows the
same data in a shorter 15 second window. Artifact removal was performed with SVS method
A. Brain signaling dynamics can be observed in the filtered data. In this trial, the isoflurane
anesthetic gas concentration was increased, resulting in a decreasing amount of spontaneous
neural activity in the rat cortex. Consequently, the spike rate decreases as shown in Figure

8 (b), and the LFP activity in the high gamma (80-200 Hz) range is shown to decrease in
Figure 8 (e), with LFP transitioning to a burst suppression state later in the trial.

We next investigated if EAPs could be observed during fMRI artifacts in the naturally
acquired artifact denoised data. An example of EAPs uncovered from fMRI artifacts in
naturally acquired data is presented in Figure 9. Both SVS method A and the sliding
template method show EAP events, confirming that EAPs can indeed be recovered

from fMRI artifact contaminated data segments. Additional examples are provided in the
supplemental information. The SVS method is preferred to sliding template subtraction due
to the better performance in estimating the correct spike rate as demonstrated with artificial
data in Section II1.A.

We also compared the artifact removal effect on the LFP frequency range for both SVS
method A and the sliding template subtraction approach. The PSD estimated using Welch’s
method (averaged across all trials and channels) for the 3 tested rats is shown in Figure 10.
The PSD of the denoised signals are plotted in dashed red lines over the signals prior to
denoising in blue. Both SVS method A and sliding template subtraction cancel the many
frequency peaks corresponding to fMRI scanning artifacts that are spaced at 8 Hz (8 slices
per 1 second TR). Additionally, 60 Hz powerline noise and harmonics were removed from
both signals using adaptive filters. A closer examination of the PSD estimates in Figure 10
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(d) and (h) reveals that substantial additional signal cancellation occurs at 1 Hz intervals

in the sliding template subtraction approach, corresponding to the 1 second window length.
This comb filtering structure is not desired at the 1 Hz frequency spacing, since artifact
contamination is not observed at these frequencies. The comb structure also exists within the
SVS method A denoised signal, although the troughs are substantially smaller than those in
the sliding template method.

IV. Discussion

This work aims to achieve fully sampled extracellular neural recording during fMRI
scanning. Specifically, we desire clean EFP signals both in the LFP (1-300 Hz), and EAP
(300-6000 Hz) frequency ranges during fMRI without any data nullification during fMRI
artifacts. The significance of full sampling of the EFP during fMRI is that higher duty

cycle fMRI can be performed during neural recording, allowing either more complete spatial
sampling of the brain using more slices, or increasing the temporal resolution by decreasing
TR, because gaps are not needed between artifacts to resolve the EAP signals. These
improvements provide substantial benefits to experiments combining extracellular neural
recording and fMRI and could improve the study neurovascular coupling at high resolution
in animal models.

We presented two methods based on SVS to remove artifact residuals from EFP data and
compared them to results prior to SVS and to a more traditional sliding template subtraction
approach. Our SVS based approach is similar in principal to the PCA-based works of
Niazy et al. [15] and Negishi et a/. [16] that were developed to remove fMRI artifacts

from the lower frequency EEG signals that are similar to the slower contributions of the
LFP. We have adapted the general approach of these prior works to substantially extend the
upper frequency cutoff of signals that can be recovered from fMRI artifacts. Specifically,
the sub-100 Hz EEG cutoff has been extended to 6000 Hz, allowing us to sample the

EFPs from 1-6000 Hz without temporal gaps. Additional novelty in our work is the use

of the first difference of the EFP signal, which provides an objective and automatically
determined upper bound on singular values of the centered data matrix for spontaneous
EFPs as illustrated in the anesthetized rat cortex.

The SVS methods were applied to the first difference of the EFP data using two shrinkage
rules that require estimation of the signal standard deviation. The first difference was used
because we found that at least for our spontaneously recorded EFPs in the anesthetized

rat, the PDF of the signal was approximately Gaussian, and the standard deviation could

be accurately determined. Additionally, the upper and lower singular values for artifact-free
data could be estimated by Equation (1) or (2).

Our initial motivation for taking the signal first difference originated from the desire to
incorporate a singular value shrinkage approach to objectively estimate artifacts and separate
them from EFP signals of interest. Several papers that described nonlinear singular value
shrinkage or truncated SVD based on matrix rank estimation [25]-[27] for removal of
independent identically distributed (i.i.d.) noise from low rank matrices inspired us to think
of a way to transform the data such that neural signals would become more similar to i.i.d.
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noise. Realizing that the frequency domain profile of the LFP signal is approximately 1/f,
and that differentiation in the time domain results in scaling by frequency in the frequency
domain, we took the first difference of the EFP signal, transforming it into one which is
closer to Gaussian noise and contains more contributions from higher frequency signals in
the EAP range where artifact residuals are more substantial after average artifact subtraction.

The bounds on the singular value spread of the first difference data provide an opportunity
to use SVS approaches with different shrinkage rules such as Equations (11) and (12)

to remove artifacts from the data. Therefore, we took the first difference of the EFPs
contaminated by artifacts and performed mean waveform removal to center the data
followed by SVS using a soft shrinker in Equation (11) and a more aggressive shrinker that
is optimal for i.i.d. noise in Equation (12). The use of the soft shrinkage of singular values
is conservative, because it assumes that at least some portion of the singular value weight
corresponding to every principal data axis contributes to the EFP. The optimal shrinkage
rule is more aggressive and can completely cancel some SVs when they fall far beyond the
positive bulk edge. However, such SVs typically correspond to singular vectors that contain
strong artifact contributions. The signal can be reconstructed from its first difference by
cumulative summation (integration). Unfortunately, we do not know contribution of the first
value to neural signal or artifact, which can lead to low frequency signal drift over time

in the reconstructed data. This drift is removed by the 1 Hz high-pass IR filter used to
emphasize the LFP from 1-300 Hz.

We tested the artifact removal algorithms on artificial and naturally acquired data.
Artificially generated EAP data containing fMRI artifacts were created by adding EAPs
detected on the benchtop in 2 rats to neural recordings from the cortex of 3 different

rats during fMRI that were confirmed to lack EAP activity. This provided an artifact
contaminated dataset containing known EAP timing, allowing us to test the accuracy of
spike rate estimates from the artifact removed data. We demonstrated the feasibility of
accurately observing the EAP activity after removing the fMRI artifacts, with the best
performance provided by the more aggressive singular value shrinkage approach (method A)
using Equation (12). We also confirmed that it is possible to detect the EAPs that occurred
during fMRI artifacts, which is critical to enabling higher duty cycle fMRI during EFP data
acquisition. All artifact removal approaches were observed to introduce some distortion to
the EAP waveform shapes in some cases, but EAPs could still be detected during fMRI
artifacts, if they were large enough in amplitude to be observable over the noise floor.

Subsequently, we tested the best performing SVS method and the sliding template
subtraction approach on naturally acquired data from 3 rats that underwent simultaneous
fMRI scanning at 16.4T. We were able to accurately estimate EPI gradient artifacts and
remove them from the neural signal recording using mean waveform removal followed by
singular value soft shrinkage. We found that singular value soft shrinkage does an excellent
job at capturing the variability between artifacts that is not represented in the mean artifact,
especially in the higher frequency range corresponding to EAPs. This enables accurate
estimation of artifacts in the data and reconstruction of clean underlying neural signals.

We provided an example showing the fully sampled EFP after denoising fMRI artifacts

in Figure 8, with the EFP further broken into EAP and LFP ranges and quantified. The
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neural dynamics associated with increasing anesthesia level during the scan could be clearly
observed. This example result shows what we aim to achieve for every channel during every
simultaneous EFP-fMRI experiment. We have demonstrated the feasibility of full sampling
of the EFP during fMRI, but additional work is needed to increase the robustness of the
methods. To our knowledge, this is the first demonstration of 1-6000 Hz EFP recording
during fMRI without nulling the EAP data during the fMRI artifacts. This represents a
significant step towards the goal of fully sampled EFP during fMRI that could provide many
benefits in simultaneous experiments.

Additionally, we showed that EAPs could be uncovered from the fMRI artifacts in the
naturally acquired data in Figure 9, with additional examples provided in the supplemental
information. Finally, the artifact removal in the LFP frequency range was compared
between the SVS approach and the sliding template subtraction method. Both methods
performed similarly on cancelling the primary artifact frequencies in the LFP range, but

the sliding template subtraction method also cancelled substantial signal at 1 Hz intervals
corresponding to the 1-second window duration used. Such cancellation is undesirable and
shows the SVS method can provide a higher fidelity estimate of the underlying LFP signals.

Lastly, the authors want to emphasize the importance of verifying that a chosen singular
value shrinkage approach is appropriate for the specific EFP data being denoised. In this
work, we processed spontaneously acquired EFPs in isoflurane anesthetized rats. The first
difference of such EFPs were found to provide a reliable way to estimate the SV bulk edges
corresponding to neural signals and could be used for artifact removal. However, such results
may not apply to EFPs recorded in different situations such as under different anesthetics,

or in evoked activity that may have a strongly defined temporal structure. The suitability of
shrinkage approaches and whether to use the first difference approach should be carefully
considered in each application.

V. ConcLusions

We have demonstrated for the first time the feasibility of fully sampling the spontaneous
EFP from 1-6000 Hz in the anesthetized rat cortex during fMRI. Mean artifact waveform
removal followed by SVS can completely remove large amplitude EPI scanning artifacts
from EFP signals recorded during fMRI at ultrahigh magnetic fields as tested at 16.4T,
enabling the observation of the LFP and EAP signals even during the fMRI artifact times.
Additional work is needed to increase the robustness of the methods to enable EAP
visualization on every recording channel during each experiment, but the proof-of-concept
has been established. We used the first difference of the EFPs, which provided benefits
including a predictable bound on the singular value spread of the spontaneous EFPs in

the anesthetized rat, and a Gaussian PDF. Our method is objective removes the need to
estimate which principal vectors correspond to artifacts. Different SV shrinkage rules can be
investigated to determine the best separation of artifacts from neural signals to achieve fully
sampled EFPs during fMRI.

Our results indicate that this method may also benefit artifact-prone experiments such as
closed-loop deep brain stimulation, simultaneous EEG-fMRI, and neural recording during
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MRI sequences other than EPI. Our implementation of SVS on the first difference of

the EFPs was particularly advantageous in the EAP frequency range (300-6000 Hz) in
comparison to the sliding template subtraction approach, and is therefore probably more
suitable for recordings with invasive electrode arrays as opposed to EEG which typically
cannot resolve such high frequencies. The ability to fully resolve the EFP signals during
fMRI shows promise for more detailed study of neurovascular coupling, as higher duty cycle
fMRI will enable higher spatial and temporal resolution data acquisition with simultaneous
full spectrum EFP measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Example of interferences in extracellular neural recording caused by fMRI scanning at UHF.
Scanning artifacts are tens of millivolts (a) compared to extracellular field potentials, which
are hundreds of microvolts (b). Subplot (b) corresponds to small (red) boxed region in (a) in

the absence of fMRI scanning (baseline period).
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Fig. 2.
(a) Amplitude of EFP vs. time, (b) power spectral density (PSD) estimate from 1-6000 Hz,

(c) normalized histogram of amplitudes, and (d) autocorrelation of spontaneous EFP. (e)
Amplitude of first difference of EFP vs. time, (f) PSD estimate, (g) normalized histogram of
amplitudes, and (h) autocorrelation of first difference of EFP. The PSD of the extracellular
neural signal follows an approximately 1/f profile in the LFP range (1-300 Hz) and then
begins to flatten in the higher frequency EAP range (b). The PSD is flattened significantly
towards a constant level in the LFP range when taking the first difference in the time
domain, which acts as a high-pass filter through frequency scaling in the Fourier domain,
and places more emphasis on the EAP range (f). Additionally, the probability density
function of the first difference is normally distributed (g), and its autocorrelation becomes
nearly a delta function (h). Taking the first difference of the EFP transforms the signal into
one that is closer to Gaussian white noise.
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Rat C1 - Scanner
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Rat C4 - Benchtop
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10 12 14 16

The upper (triangles) and lower (inverted triangles) singular values from the first difference
of spline upsampled (4x) spontaneous EFPs recorded in 5 anesthetized (4 chronic and 1
acute) rats (3 in MRI scanner, 2 on benchtop). Singular values plotted as a function of
noise level and normalized by sqrt(N). Solid lines correspond to Equation (1), dashed lines
to Equation (2). All SVD-PCA performed for 8= M/N*usf = 0.049 where usf is the
upsampling factor of 4.
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Acrtifact removal from EAP frequency range example taken from simulation #48 (the epoch
with the most EAPS). (a) Noise-level matched simulation control, containing known EAPs
and band-limited noise from 300-6000 Hz. (b) Simulated artifact contaminated EAP data
before and after artifact denoising using SVS approach A. (c) The PSD of the data in (b)
showing removal of artifact frequencies across the EAP range. (d) Windowed spike rate
detected from control data and artifact denoised data.
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Simulation #48 spike rate estimate from one of the noise-level matched controls (a), and
absolute errors between control and SVS A (b), SVS B (c), no SVS (d), and sliding template
subtraction (e).
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Fig. 7.
Exploring the simulated data #48 for EAPs recovered from fMRI artifacts. (a) EAPs in

a simulated noise-matched control, (b)-(e) EAP signal after artifact removal using the 4
methods tested. Shaded portions indicate fMRI artifact timing.
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Fig. 8.

Rgmoving fMRI artifacts from spontaneous EFPs (1-6000 Hz) acquired from the
anesthetized rat cortex to achieve fully sampled neural recording during fMRI. (a) Artifact
contaminated data, (b) artifact removed EAPs (300-6000 Hz), (c) spike rate computed from
(b), (d) artifact removed LFP (1-300 Hz), and (e) multi-tapered spectral analysis of (d).
Shorter time scale views of (a)-(e) provided in (f)-(j). Example from Rat C3, channel 9
during an increase in isoflurane anesthesia concentration leading to reduced neural activity.
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Fig. 9.

268.35

268.36

EAPs recovered from spontaneous EFP recorded during fMRI artifacts in the anesthetized
rat. EAP signal shown in blue over artifact contaminated data in light gray. EAPs are
observable in artifact denoised data using both SVS method A (top) and the sliding template

subtraction approach (bottom).
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Fig. 10.
Examining the average PSD estimated using Welch’s method for all channels and trials in

the 3 rats tested. (a) — (c) Average PSD in LFP frequency range before and after denoising
by SVS method A for rats C1, C2, and C3 respectively. (d) Shows smaller frequency range
view of (c). (e)-(g) Average PSD before and after denoising by sliding template subtraction
for rats C1, C2, C3 respectively. (h) Shows smaller frequency range view of (g).

IEEE Trans Med Imaging. Author manuscript; available in PMC 2023 July 01.




	Abstract
	Introduction
	Methods
	Animal Preparation
	Extracellular Neural Signal Acquisition
	fMRI Acquisition Parameters
	Singular Value Boundary of the First Difference of Spontaneous EFP Recorded in Anesthetized Rats
	Artifact Estimation by SVS
	Artifact Estimation by Sliding Template Subtraction
	LFP Filtering and Quantification
	EAP Filtering and Quantification
	Generation of Artificial EAP Data for Testing

	Results
	Testing on Artificial EAP Data
	Testing Naturally Acquired Data

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.

