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(57) ABSTRACT

Systems and a method for reducing periodic artifacts in an
electrophysiologic signal are provided. The method includes
receiving a time-series electrophysiologic signal acquired
from a subject and providing a regression model that defines
an interference signal caused by periodic artifacts using a
harmonic representation. The method also includes applying
the regression model using the time-series electrophysiologic
signal to define a cost function and performing an iterative
optimization process to estimate regression parameters that
minimize the cost function. The method further includes
determining, using the regression parameters, the interfer-
ence signal, and generating a corrected time-series electro-

10, 2013. physiologic signal by reducing the interference signal.
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REMOVING ELETROPHYSICOLOGIC
ARTIFACTS FROM A MAGNETIC
RESONANCE IMAGING SYSTEM

CROSS REFERENCE

[0001] This application is based on, claims priority to, and
incorporates herein by reference in its entirety U.S. Provi-
sional Application Ser. No. 61/810,475, filed Apr. 10, 2013,
and entitled “Harmonic Regression Techniques to Remove
EEG-fMRI Ballistocardiogram Artifacts.”

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under grant No. ROI-EB006385 and grant No. DP2-
0D006454 awarded by the National Institutes of Health. The
government has certain rights in the invention.

BACKGROUND

[0003] The present disclosure relates generally to systems
and methods for monitoring electrophysiologic information
from a subject or patient, and, in particular, to systems and
methods for removing artifacts from electrophysiologic
information generated in relation to magnetic resonance
imaging (“MRI”) systems.

[0004] Electrophysiologic recordings, such as electroen-
cephalography (“EEG”), electrocardiography (“ECG™) or
galvanic skin response (“GSR”), conducted in an MRI scan-
ner offer a useful means to enhance the utility of MRI mea-
surements. In the specific instance of brain function assess-
ment, EEG recordings supply brain activity information with
a hightemporal resolution. When combined with high spatial
resolution, soft tissue resolution and biochemical versatility
of MRI measurements, as provided by functional magnetic
resonance imaging with blood oxygen level-dependent
(“fMRI-BOLD”) contrast or arterial spin labeling (“ASL”),
synchronous examination of brain function across spatial and
temporal scales may be achieved. Correlating haemodynamic
changes in brain with concomitant electrophysiologic signa-
tures offers enhanced potential to monitor brain function in
normal, clinical and pathological states. For example, the
goal of identifying brain regions generating a known electro-
physiologic signature, such as an epileptic discharge, neces-
sitates resolving both millisecond-scale electrical signatures
(only measurable with EEG) with millimeter-scale brain
areas with increased activity (only measurable on fMRI) con-
comitantly. This kind of brain function assessment is known
as electroencephalography-correlated IMRI (“EEG-fMRI”).
Generally, additional electrophysiologic signals are also
acquired during MRI scanning, which include respiratory or
cardiac function measurements, thus providing complemen-
tary information to the MRI assessment of physiologic
parameters under study.

[0005] The utility of these techniques, however, is funda-
mentally limited by the presence of magnetic fields and gra-
dients in the MRI scanner, along with radiofrequency (“RF”)
signals transmitted and received during imaging. These fea-
tures of the MR-environment introduce artifacts in electro-
physiologic recordings conducted within the MR scanner. As
an example of MR environment related artifacts in electro-
physiologic recordings, ballistocardiogram (“BCG”) arti-
facts are induced in brain EEG recordings on account of
motion of head and scalp electrodes, primarily due to cardiac
and blood flow pulsatile movements, within the magnetic
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field of the scanner. In particular, BCG artifacts have signifi-
cantly larger amplitudes (150-200 microVolts at 1.5 Tesla)
than underlying EEG activity (10-100 microVolts), and so
EEG activity can be obscured up to 20 Hz, lowering specific-
ity and sensitivity of the EEG recordings acquired in proxim-
ity to an MRI scanner. Moreover, additional complications
arise from the fact that changes in heart rate, blood pressure
and resulting pulsatile head motion cause variations in the
shape, timing and intensity of the BCG artifacts, making
predictability and removal of BCG artifacts very challenging.
[0006] Several attempts to remove BCG artifacts from
EEGshavebeen previously reported. For example, a common
approach includes measurement of a reference signal
obtained from electrocardiograms (“ECG”) or motion sen-
sors. The reference signal is used to generate a waveform
template that defines an estimate for BCG artifacts, which is
then subtracted from contaminated EEG measurements to
produce corrected EEG signals. However, this approach
relies on high quality ECG or motion data in order to robustly
perform peak detection and/or adaptive filtering, which
becomes particularly difficult in magnetic fields greater than
1.5 Tesla or during long EEG recordings, since reference
signals acquired in a MRI scanner are also often corrupted.
[0007] In addition, some reference signal-free BCG
removal methods, such as independent component analysis
and wavelet basis decompositions, have also been explored.
These approaches rely on the separability between true EEG
signals and BCG artifacts with respect to signal amplitude,
time and/or frequency. However, many basis elements often
contain substantial overlap between signals and artifacts in
these domains. This skews the separation, and necessitates
subjective and case-specific criteria to define which basis
elements may be excluded as “artifact” and which ones may
be retained as “true EEG signal.” In addition, such criteria
demand significant post-algorithmic-processing.

[0008] The above limitations make current methods inad-
equate for providing the quality of measurements required for
monitoring or investigating brain function for cognitive stud-
ies and clinical applications. Thus, there is a need for systems
and methods that do not require reference signals or subjec-
tive separation criteria for removing artifacts from electro-
physiologic measurements acquired in a MRI scanner.

SUMMARY

[0009] The present invention overcomes aforementioned
drawbacks by providing systems and methods for reducing
artifacts from electrophysiologic signals, such as EEG sig-
nals, acquired from a subject positioned within a magnetic
resonance imaging (“MRI”) scanner. In particular, a har-
monic regression technique is provided that includes physi-
cally motivated parametric models of artifacts and underlying
physiological signals. The present invention provides an
iterative optimization process to identify model parameters,
and estimate corrupting artifacts contained in such signals.
This approach affords accurate artifact removal and enables
successful recovery of true electrophysiologic signatures,
such as EEG signatures, as obtainable outside a MRI scanner.
[0010] In accordance with one aspect of the disclosure, a
magnetic resonance imaging (“MRI”) system is provided.
The MRI system includes a magnet system configured to
generate a polarizing magnetic field about a portion of the
subject positioned in the MRI system and a plurality of gra-
dient coils configured to apply a gradient field to the polariz-
ing magnetic field. The MRI system also includes a radio
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frequency (RF) system configured to apply a RF excitation
field to the subject, and acquire therefrom a set of magnetic
resonance image (“MRI”) data, and at least one input config-
ured to receive electrophysiologic data acquired from the
subject. The MRI system further includes at least one com-
puter configured to process the electrophysiologic data as a
time-series signal and apply a regression model that defines
an interference signal caused by artifacts in the time-series
signal using a harmonic representation to define a cost func-
tion. The at least one computer is also configured to perform
an iterative optimization process to estimate regression
parameters that minimize the cost function and determine,
using the regression parameters, the interference signal. The
at least one computer is further configured to and generate a
corrected time-series electrophysiologic signal by reducing
the interference signal relative to the time-series electrophysi-
ologic signal.

[0011] Inaccordance with another aspect of the disclosure,
a system for monitoring a subject’s brain is provided. The
system includes an input configured to receive electroen-
cephalogram (“EEG”) data acquired from a subject, and at
least one processor configured to receive the EEG data from
the input and apply a regression model that defines a ballis-
tocardiogram signal using a harmonic representation to the
EEG data to define a cost function. The at least one processor
also configured to perform an iterative optimization process
to estimate regression parameters that reduce the cost func-
tion and determine, using the regression parameters, the bal-
listocardiogram signal. The at least one processor is further
configured to generate a corrected EEG data by reducing the
ballistocardiogram signal within the EEG data. The system
also includes an output configured to deliver a report repre-
sentative of the corrected EEG data.

[0012] In accordance with yet another aspect of the disclo-
sure, a method for reducing artifacts in an electroephysiologic
signal is provided. The method includes receiving a time-
series electrophysiologic signal acquired from a subject and
providing a regression model that defines an interference
signal caused by periodic artifacts using a harmonic repre-
sentation. The method also includes applying the regression
model using the time-series electrophysiologic signal to
define a cost function and performing an iterative optimiza-
tion process to estimate regression parameters that minimize
the cost function. The method further includes determining,
using the regression parameters, the interference signal, and
generating a corrected time-series electrophysiologic signal
by reducing the interference signal.

[0013] The foregoing and other advantages of the invention
will appear from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1A is a graphical illustration depicting the
spectral signature of an example electroencephalogram
(“EEG”) signal recorded outside a magnetic resonance imag-
ing (“MRI”) scanner during general anesthesia (“GA”).
[0015] FIG. 1B is a graphical illustration depicting the
spectral signature of the example EEG signal of FIG. 1A
contaminated by ballistocardiogram (“BCG”) artifacts gen-
erated within an MRI scanner using similar GA protocol as in
FIG. 1A.

[0016] FIG. 1C is a graphical illustration comparing EEG
time-series data corrupted by BCG artifacts and concomitant
electrocardiogram (“ECG”) time-series data.
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[0017] FIG. 2 is a flowchart setting forth the steps of a
process in accordance with the present invention.

[0018] FIG. 3A-3C are graphical illustrations comparing
example spectrograms of corrupted EEG signals (FIG. 3A),
BCG artifacts (FIG. 3B) and corrected EEG signals after
removal of BCG artifacts (FIG. 3C), in accordance with the
present invention.

[0019] FIG. 4A-4B are graphical illustrations of example
time domain corrupted EEG signals (FIG. 4A), estimates of
BCG artifacts (FIG. 4A) and estimates of corrected EEG
signals after removal of BCG artifacts (FIG. 4B), in accor-
dance with the present invention.

[0020] FIG. 5A-5C are graphical illustrations of example
simulation tests to quantify improvement in the signal to
noise ratio provided by the present invention, including spec-
trograms of raw corrupted EEG signals (F1G. 5A), true EEG
signature of interest (FIG. 5B) and corrected EEG signals
after removal of BCG artifacts (FIG. 5C), in accordance with
the present invention.

[0021] FIG. 6A-6B are graphical illustrations of example
time domain corrupted EEG signals (FIG. 6A), estimates of
BCG artifacts (6A) and estimates of corrected EEG signals
after removal of BCG artifacts (FIG. 6B), in accordance with
the present invention.

[0022] FIG. 7 is a block diagram of an example of a MRI
system.
[0023] FIG. 8 is an illustration of an example monitoring

system, in accordance with the present invention.

DETAILED DESCRIPTION

[0024] Obtaining high quality electrophysiologic signals,
in combination with medical imaging, such as MRI measure-
ments, is important for studies of physiologic and clinical
states. For instance, obtaining electroencephalogram
(“EEG”) recordings concomitantly with MRI measurements
is important for examination of brain dynamics in cognitive
and clinical states such as sleep, attention, coma, anesthesia,
and epilepsy, but often necessitates overcoming artifacts
induced in the electrophysiologic signals due to interference
from the medical imaging device, such as an MRI scanner. In
particular, ballistocardiogram (“BCG”) artifacts are induced
in EEG recordings on account of motion of head and scalp
electrodes within the magnetic field of the MRI scanner.
[0025] In contrast to previous methods that rely on cardiac
or motion reference signals, which are often corrupted or
difficult to acquire, the present disclosure recognizes that a
natural harmonic basis may be used to describe BCG artifacts
in an approach that obviates the need for acquiring reference
signals. This can be appreciated in the example of FIG. 1,
which illustrates a comparison between spectral signatures of
BCG-free (FIG. 1A) and BCG-corrupted (FIG. 1B) EEG
signals. Specifically, FIG. 1A shows an example of an oscil-
latory EEG signal that is a spectral signature of loss of con-
sciousness under general anesthesia. Similar oscillatory sig-
natures are observed in a variety of cognitive and clinical
brain states. On the other hand, FIG. 1B depicts the spectral
signature in FEG acquired during loss of consciousness under
general anesthesia in an MR scanner at 3 Tesla. In particular,
it can be seen that the BCG-corrupted EEG signal comprises
a series of harmonic streaks, that overpower the underlying
EEG oscillatory spectral signatures of interest. The harmonic
feature is also reflected in the time domain data, which is
dominated by pulsatile (comb-like) BCG occurrences coin-
cident with a heart rate period (FIG. 1C).
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[0026] As will be described, a regression model that cap-
tures physical and physiological features of BCG artifacts,
and underlying EEG signals, is introduced. However, such
approach is not limited to BCG artifacts in EEG, and may be
applicable to any electrophysiologic signals corrupted by
periodic artifacts. Specifically, the temporal structure of BCG
artifacts may be modeled using harmonic series, while oscil-
latory dynamics of true EEG signals may be defined using an
autoregressive (“AR™) series. Since such a regression model
specifies the template for the BCG, there is no explicit need
for acquiring reference signals. Furthermore, the parametric
model forms are specific, yet flexible enough to be general-
izable, and objective while taking the character of the data,
and hence do not require subjective or case-specific criteria to
deal with the time-frequency overlap between the electro-
physiologic signal of interest and the MR-environment
related artifact. Estimating and removing BCG artifacts then
becomes a problem of identifying the regression parameters
for the harmonic and AR models to best explain the contami-
nated EEG data recorded in the scanner. In particular, an
iterative optimization process may then be used, by way of a
maximum likelihood technique, to compute model param-
eters and determine BCG artifacts, facilitating accurate
removal of artifacts from corrupted EEG measurements.

[0027] As mentioned, BCG-corrupted EEG signals can be
described by a sum of the BCG artifact signals and underlying
EEG signals. Specifically, a BCG-corrupted EEG signal may
be defined using a harmonic series and oscillatory EEG signal
model. Denoting the BCG-corrupted EEG oscillations from

any given channel as the “measured” data series y |, v, ..., Y7
it follows that:
VSV, M

[0028] Tn Egn. 1, s, is the BCG artifact modeled as an N*
order harmonic series, namely:

N
St = Ho + U+ ZArcos[wrt) + B,sin(wrr)

r=1

where N is the number of harmonics in the spectrum, and ®
(rad/sec) is the fundamental frequency defining the harmonic
template, which may be linked to a heart rate in Hz (as shown
in FIG. 1C). In addition, A, and B, describe the amplitude and
phase of r'* harmonic.

[0029] In Eqn. 1, v, is the oscillatory electrophysiologic
signature in the EEG modeled using a P order autoregressive
(“AR”) representation, namely:

,

k=1

where P may be set based on information criteria, such as the
Bayesian Information Criteria, to represent the number of
spectral peaks and the nature of oscillatory signatures being
modeled. The € s may be independent Gaussian random vari-
ables with zero mean and variance o, 2. The AR model allows
capture of oscillatory dynamics of interest in the EEG without
biasing the method towards activity in any specific frequency
bands.
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[0030] The harmonic BCG and the autoregressive EEG
models reflect the empirically observed overlap in spectral
and amplitude features, but are distinct enough to decouple
the BCG artifact from the true EEG test signal. With this
model, the problem of estimating and removing the BCG
artifact becomes one of identifying the parameters

o,3=[os y, 41, Bids, By, ...
ap]?,and 0 2.

Ay BN]T, a=fa, a ..

[0031] The estimation problem, as set forth in Eqns. 1-3 is
essentially a harmonic regression in the setting of correlated
noise, which may be seen by rewriting the above model in
regressor matrix notation:

y=Ha)p+v “

where y=[y,, ¥, - - -, ytT]T, s=Z(w)B. and Z(w) is

1 cos(wry) sinfwry) ... cos(Nwr) sin(Nwr)

1 cos(wry) sinfwn) ... cos(Nwh) sin(Nwrp)

1 cos(wr,) sin(wr) ... cos(Nwr,) sin(Nwr,)

and v=[v, ,v,,.. ., V,T]T is multivariate Gaussian (0 mean, AR
covariance QD( 7) with an Akaike Markovian form:

Vil a ay ... ap][ vie2 €1 ©®)
Vi-2 L0 .. 0 Vi3 €2
. = . . +
Vip 0 I | &-p
[0032] Maximum likelihood cost functions are suitable for

such parametric estimation problems. Based on a maximum
likelihood criterion, the best parameter estimates are those
that, for an observed Tx1 data vector y, minimize:

Sr (6)
Tlog(c )+log (o) + =

e

—2logl(w, B, a, U' |y)=

where S,~(y-Z(0)p) Q" (y-Z(w)p) and Q is the covariance
matrix for the autoregressive term vand Z 1s as defined in Eqn.
4. Maximizing over o, gives the concentrated likelihood cost
C to minimize:

Clw, B, aly) = Tlog(s ]4— log(det(Q)) + N @

[0033] In some aspects, minimization of Eqn. 7 can be
implemented in an iterative optimization process using, for
example, a cyclic descent based on Newton’s method to break
down the complex nonlinear optimization into a series of
sub-problems, which when solved, converge to a global optl-
mum. For a given a~a and w=w, a best estimate f=arg min
C(P,0.mly), may be given by performing a generalized least
squares technique on Eqn. 4:
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B, o) = @ zZ@l V2 @y ®)
=z@z@ "z y )

S @)=y -z @B (v -Z@h) (10

where Eqns. 9-10 are obtained by factorizing Qf" DasL’Land
denoting Z*=L.Z, y*=Ly. Substituting S;{p,w) into Eqn. 7
concentrates the likelihood over f3:

_ E{S'T(@ w)] (1n
C@, &) y) =Tlo T - | + log(det(0))

[0034] For a given a and o, computing the cost (Eqns,
8-11) necessitates computation of y*, Z*, det(Q)=IQI. This
can be done efficiently using an estimation approach adapted
for the harmonic plus AR(p) model—as described by Eqn. 4.
In one instance of such an estimation approach, a Kalman
filter technique can be used to avoid explicit matrix multipli-
cations, inverses and orthogonalizations. Denoting M=[Z(w)
yland M*=[Z*(w)y*].Fori=1, ..., 2N+2, m*=i" column M*
can be computed by defining an observation vector m=j*
column of a Px1 state vector 6, and state space model:

8,=4()0, ,+N(0,Ip, ) and m,=B6, a2

where A is the PxP matrix in Eqn. 5 and B=[1, 0, .. ., 0].
Denoting the predicted state estimate and estimate covariance
for the Kalman filteras 0,,_, and P, ,, it follows:

T (13)
. (m =Bl )
10l= H BPy_ and m; = ——

=1 \ BPye-1

[0035] Running this filter across all j gives y*, Z* and 1QI,
and substituting these into Eqns. 8-11 gives the cost T to
minimize.

[0036] The numerical optimization of C over o and w is
well-defined to have a unique solution and thus may be imple-
mented using a variety of optimization routines. The optimi-
zation requires denoting bounds on the search space for w and
a. The o search space may be physiologically bounded, for
example, using a subject’s clinical heart rate range. Bounds
for a values may also be set to any desired range, such as
between 0.2 and 5 times the AR coefficients obtained by
fitting the full data vector y to an AR model (Eqn. 3).

[0037] The numerical optimization of C over a and w may
then be used to re-evaluate Eqns. 8-13 to get the associated
optimal f and ST. Lastly, Eqn. 7 gives the optimal

[0038] The above maximum likelihood approach may be
applied segment by segment on any amount of BCG-cor-
rupted EEG data y to obtain model parameter estimates w, f3,
@, 0.2, With these estimated parameters, estimates for the
BCG artifacts (5,), EEG oscillation (V,) and residual noise (g,)
time series may be computed.
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[0039] Turning to FIG. 2, a flowchart setting forth the steps
of a process 200 in accordance with the present invention is
shown. The process 200 begins at process block 202 where
any amount of electrophysiologic data contaminated by peri-
odic artifacts, such as EEG data containing BCG artifacts
induced by an environment of a MRI scanner, may be
received. In some aspects, the electrophysiologic data may be
acquired, either intermittently or in real-time, by way of any
number of sensors arranged as desired on a subject. The
sensors may be configured to acquire and process electro-
physiologic data, and may be either integrated into, in com-
munication with, or configured in parallel with an MRI sys-
tem or any other acquisition system(s). Additional data may
also be acquired at process block 202, such as fMRI or other
MRI data, electrocardiogram (“ECG”) data, and other desir-
able data. The electrophysiologic data, along with any other
desirable data, may then be processed in any manner desir-
able, and assembled to produce any time-series electrophysi-
ological signal(s). At process block 204, a parametric regres-
sion model may be generated, as described in Eqn. 2, which
defines interference signal(s), as caused by periodic artifacts,
using a harmonic representation.

[0040] At process block 206, the regression model may
then be applied using the received electrophysiologic signal
to define a cost function (Eqn. 7). In an iterative optimization
process performed at process block 208, as described, esti-
mates of regression parameters defined in the model may then
be determined such that the cost function is reduced or mini-
mized. The optimized regression parameters may then be
used at process block 210 to determine interference signal(s),
which then generate corrected electrophysiologic signal(s) at
process block 212 by reducing, or removing, the interference
signal(s) from the contaminated electrophysiologic signal(s).
In particular, amplitudes, phases, and fundamental frequency
for harmonics describing the interference signal are deter-
mined, along with amplitudes and phases of the underlying
electrophysiologic signatures of interest in the electrophysi-
ologic signal. At process block 214, a report representative of
the corrected electrophysiologic signal, which may take any
shape or form, as desired, may be generated. For example, the
report may include one, two, or three-dimensional mapping,
power spectra, spectrograms, coherograms, and so forth. In
some aspects, corrected electrophysiologic signal(s) may
also be combined with MRI data such as functional MRI
(“fMRTI”) for instance, and other electrophysiologic data,
suchas ECG or GSR, and so on, to provide information about,
or determine a clinical state of the subject, which may include
indications regarding brain dynamics in behaviorally appar-
ent or behavioral non-apparent cognitive and clinical states
such as sleep, attention, coma, anesthesia, and epilepsy.

[0041] By way of example, FIGS. 3 and 4 show spectral and
time domain estimates obtained using an approach applied, as
detailed herein, on the BCG-corrupted EEG oscillation
example acquired during general anesthesia (comparable to
FIG. 1). Specifically, the panels of FIG. 3 illustrate how the
approach of the present invention removes the BCG artifact to
reveal oscillatory signatures of interest in an EEG recording
within the MR scanner. FIG. 4A overlays the BCG-corrupted
EEG oscillation y and the estimated BCG artifact (harmonic
series §) on a 3-second data segment. It is evident that the
BCG artifact comprises a large proportion of the power in the
corrupted EEG signal. FIG. 4B shows the estimated oscilla-
tory component of the EEG (AR series V), or in other words
the electrophysiologic information of interest in the EEG.
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This oscillatory component has the 0-1 Hz and 8-12 Hz peri-
odicities corresponding to known electrophysiologic signa-
tures during general anesthesia. Thus clearly showing that the
AR model described herein effectively recovers the temporal
structure of the oscillatory signatures of interest in EEG sig-
nals.

[0042] As an additional example, FIG. 5 and FIG. 6 illus-
trate a BCG-corrupted EEG oscillation test-case for bench-
marking the performance of the algorithm detailed herein.
Oscillatory and evoked response signals corresponding to
brain-states of interest in studies of sleep, attention, anesthe-
sia and epilepsy were generated and added on to resting state
EEG recordings performed within a 3 Tesla MRI scanner.
FIG. 5A illustrates the spectrogram of resting state EEG
recording in the MRI scanner, while FIG. 5B illustrates the
spectrogram of the simulated oscillatory component added on
to the resting state recording of 5A. FIG. 5C illustrates the
spectrogram of the cleaned EEG signal after removal of the
BCQG artifact with the present invention. The timing and peri-
odicity of the simulated signal in 5B is preserved in 5C—thus
clearly showing that the AR model described herein effec-
tively preserves the temporal structure of the oscillatory sig-
natures of interest in EEG signals. Time domain estimates
corresponding to this test case are shown in FIG. 6—reveal-
ing the ability of the algorithm to uncover the ON/OFF pat-
tern of the simulated oscillations. A variety of such test cases
were performed—with simulated test signals spanning d
band (1-4 Hz), 6 band (4-8 Hz), or o band (8-12 Hz), and
comprised varying signal to artifact ratios (SNR). Across over
70 test cases for our model-based algorithm, the SNR
improvement observed was consistently over 10-fold, which
is significantly higher than the SNR improvement afforded by
existing reference-based BCG removal methods.

[0043] Referring particularly now to FIG. 7, an example of
a magnetic resonance imaging (“MRI”) system 700 is illus-
trated, suitable for use in accordance with the present inven-
tion. In one embodiment of the present invention, the MRI
system 700 may be configured with capabilities for acquiring,
processing and/or correcting EEG data, either intermittently
or in real-time, and be able to estimate and remove, or reduce
artifacts associated with the operation or environment created
by the MRI system 700. For example, the MRI system 700
may be capable of estimating, reducing or removing interfer-
ence signals produced by BCG artifacts from acquired EEG
data.

[0044] The MRI system 700 includes an operator worksta-
tion 702, which will typically include a display 704; one or
more input devices 706, such as a keyboard and mouse; and a
processor 708. The processor 708 may include a commer-
cially available programmable machine running a commet-
cially available operating system. The operator workstation
702 provides the operator interface that enables scan prescrip-
tions to be entered into the MRI system 700. In general, the
operator workstation 702 may be coupled to four servers: a
pulse sequence server 710; a data acquisition server 712; a
data processing server 714; and a data store server 716. The
operator workstation 702 and each server 710, 712, 714, and
716 are connected to communicate with each other. For
example, the servers 710, 712, 714, and 716 may be con-
nected via a communication system 740, which may include
any suitable network connection, whether wired, wireless, or
a combination of both. As an example, the communication
system 740 may include both proprietary or dedicated net-
works, as well as open networks, such as the internet.
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[0045] Thepulse sequence server 710 functions in response
to instructions downloaded from the operator workstation
702 to operate a gradient system 718 and a radiofrequency
(“RF”) system 720. Gradient waveforms necessary to per-
form the prescribed scan are produced and applied to the
gradient system 718, which excites gradient coils in an
assembly 722 to produce the magnetic field gradients G, G,
and G, used for position encoding magnetic resonance sig-
nals. The gradient coil assembly 722 forms part of a magnet
assembly 724 that includes a polarizing magnet 726 and a
whole-body RF coil 728.

[0046] RF waveforms are applied by the RF system 720 to
the RF coil 728, or a separate local coil (not shown in FIG. 7),
in order to perform the prescribed magnetic resonance pulse
sequence. Responsive magnetic resonance signals detected
by the RF coil 728, or a separate local coil (not shown in FIG.
7), are received by the RF system 720, where they are ampli-
fied, demodulated, filtered, and digitized under direction of
commands produced by the pulse sequence server 710. The
RF system 720 includes an RF transmitter for producing a
wide variety of RF pulses used in MRI pulse sequences. The
RF transmitter is responsive to the scan prescription and
direction from the pulse sequence server 710 to produce RF
pulses of the desired frequency, phase, and pulse amplitude
waveform. The generated RF pulses may be applied to the
whole-body RF coil 728 or to one or more local coils or coil
arrays (not shown in F1G. 7).

[0047] The RF system 720 also includes one or more RF
receiver channels. Each RF receiver channel includes an RF
preamplifier that amplifies the magnetic resonance signal
received by the coil 728 to which it is connected, and a
detector that detects and digitizes the I and Q quadrature
components of the received magnetic resonance signal. The
magnitude of the received magnetic resonance signal may,
therefore, be determined at any sampled point by the square
root of the sum of the squares of the I and Q components:

M=V P+(? (1)

[0048] and the phase of the received magnetic resonance
signal may also be determined according to the following
relationship:

,{Q] @
¢ =tan 7

[0049] The pulse sequence server 710 also optionally
receives patient data from a physiological acquisition con-
troller 730. By way of example, the physiological acquisition
controller 730 may receive electrophysiologic signals from a
number of different sensors connected to the patient, such as
electrocardiograph (“ECG”) signals from electrodes, or res-
piratory signals from a respiratory bellows or other respira-
tory monitoring device. Such signals are typically used by the
pulse sequence server 710 to synchronize, or “gate,” the per-
formance of the scan with the subject’s heart beat or respira-
tion. In some aspects, capabilities to trigger or gate the per-
formance of the scan may be enhanced by removing artifacts
from the electrophysiologic signals received by controller
730.

[0050] The pulse sequence server 710 also connects to a
scan room interface circuit 732 that receives signals from
various sensors associated with the condition of the patient
and the magnet system. It is also through the scan room
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interface circuit 732 that a patient positioning system 734
receives commands to move the patient to desired positions
during the scan.

[0051] The digitized magnetic resonance signal samples
produced by the RF system 720 are received by the data
acquisition server 712. The data acquisition server 712 opet-
ates in response to instructions downloaded from the operator
workstation 702 to receive the real-time magnetic resonance
data and provide buffer storage, such that no data is lost by
data overrun. In some scans, the data acquisition server 712
does lithe more than pass the acquired magnetic resonance
data to the data processor server 714. However, in scans that
require information derived from acquired magnetic reso-
nance data to control the further performance of the scan, the
data acquisition server 712 is programmed to produce such
information and convey it to the pulse sequence server 710.
For example, during prescans, magnetic resonance data is
acquired and used to calibrate the pulse sequence performed
by the pulse sequence server 710. As another example, navi-
gator signals may be acquired and used to adjust the operating
parameters of the RF system 720 or the gradient system 718,
or to control the view order in which k-space is sampled. In
still another example, the data acquisition server 712 may
also be employed to process magnetic resonance signals used
to detect the arrival of a contrast agent in a magnetic reso-
nance angiography (“MRA”) scan. By way of example, the
data acquisition server 712 acquires magnetic resonance data
and processes it in real-time to produce information that is
used to control the scan.

[0052] The data processing server 714 receives magnetic
resonance data from the data acquisition server 712 and pro-
cesses itinaccordance with instructions downloaded from the
operator workstation 702. Such processing may, for example,
include one or more of the following: reconstructing two-
dimensional or three-dimensional images by performing a
Fourier transformation of raw k-space data; performing other
image reconstruction algorithms, such as iterative or back-
projection reconstruction algorithms; applying filters to raw
k-space data or to reconstructed images; generating func-
tional magnetic resonance images; calculating motion or flow
images; and so on.

[0053] Images reconstructed by the data processing server
714 are conveyed back to the operator workstation 702 where
they are stored. Real-time images are stored in a data base
memory cache (not shown in FIG. 7), from which they may be
output to operator display 712 or a display 736 that is located
near the magnet assembly 724 for use by attending physi-
cians. Batch mode images or selected real time images are
stored in a host database on disc storage 738. When such
images have been reconstructed and transferred to storage,
the data processing server 714 notifies the data store server
716 on the operator workstation 702. The operator worksta-
tion 702 may be used by an operator to archive the images,
produce films, or send the images via a network to other
facilities.

[0054] The MRI system 700 may also include one or more
networked workstations 742. By way of example, a net-
worked workstation 742 may include a display 744; one or
more input devices 746, such as a keyboard and mouse; and a
processor 748. The networked workstation 742 may be
located within the same facility as the operator workstation
702, or in a different facility, such as a different healthcare
institution or clinic.
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[0055] The networked workstation 742, whether within the
same facility or in a different facility as the operator work-
station 702, may gain remote access to the data processing
server 714 or data store server 716 via the communication
system 740. Accordingly, multiple networked workstations
742 may have access to the data processing server 714 and the
data store server 716. In this manner, magnetic resonance
data, reconstructed images, or other data may exchanged
between the data processing server 714 or the data store
server 716 and the networked workstations 742, such that the
data or images may be remotely processed by a networked
workstation 742. This data may be exchanged in any suitable
format, such as in accordance with the transmission control
protocol (“TCP”), the Internet protocol (“IP”), or other
known or suitable protocols.

[0056] The physiological acquisition controller may
include or be connected to a patient monitoring system, such
as provided in FIG. 8. Likewise, as illustrated, the system of
FIG. 8 may be a stand-alone system. Specifically, referring to
FIG. 8, an exemplary system 800 in accordance with the
present invention is illustrated. As noted, in some preferred
aspects, the system 800 may configured for operation in prox-
imity to a MRI environment and/or in cooperation or com-
munication with a MRI system. In others, the system 800 may
configured for independent operation.

[0057] The system 800 includes a patient monitoring
device 802, such as a physiological monitoring device, or
input, illustrated in FIG. 8 as an electroencephalography
(“EEG”) electrode array, which may include any number of
sensors or electrodes arranged as desired on a subject. How-
ever, it is contemplated that the patient monitoring device 802
may also include mechanisms for monitoring galvanic skin
response (GSR), for example, to measure arousal to external
stimuli or other monitoring system such as heart-rate moni-
tors, including electrocardiographic monitors and also ocular
Microtremor monitors. One specific realization of this design
may utilize a frontal Laplacian EEG electrode layout with
additional electrodes to measure GSR. Another realization of
this design may incorporate a frontal array of electrodes that
could be combined in post-processing to obtain any combi-
nation of electrodes found to optimally detect the EEG sig-
natures described earlier, also with separate GSR electrodes.
Another realization of this design may utilize a high-density
layout sampling the entire scalp surface, for example, using
between 64 to 256 sensors, for the purpose of source local-
ization, also with separate GSR electrodes.

[0058] The patient monitoring device 802 is connected via
a cable 804 to communicate with a monitoring system 8§06.
Also, the cable 804 and similar connections can be replaced
by wireless connections between components. As illustrated,
the monitoring system 806 may be further connected to a
dedicated analysis system 808. Also, the monitoring system
806 and analysis system 808 may be integrated.

[0059] The monitoring system 806 may be configured to
receive raw signals acquired by the EEG electrode array and
assemble, and even display, raw or processed signals, as time-
series EEG signals, or waveforms. Accordingly, the analysis
system 808 may receive the EEG data from the monitoring
system 806 and analyze the EEG data. In some preferred
configurations, the analysis system 806 may be configured
with capabilities for processing EEG data, either intermit-
tently or in real-time, to determine and remove, or reduce
artifacts in the time-series EEG signals, such as BCG arti-
facts, using an approach, as described herein. However, it is
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also contemplated that the functions of monitoring system
806 and analysis system 808 may be combined into a com-
mon system.

[0060] In some configurations, the analysis system 806
may be also configured to receive additional raw or processed
data, such as MRI data acquired using a MRI system, and may
be capable of combining the MRI data with raw or processed
EEG data, as described. Based on such combinations, signa-
ture information or indications may be determined by the
analysis system 806 in relation to brain cognitive and clinical
states, such as sleep, attention, coma, anesthesiaand epilepsy,
or respiratory, autonomic or cardiac states of interest, among
other information.

[0061] Theanalysis system 806 may then generate a report,
for example, as a printed report or, preferably, a real-time
display of raw or corrected time-series electrophysiologic
signals, signature information and determined physiologic
state of a subject. For instance, in studies of brain states, the
report may include a real-time display of raw or corrected
time-series FEG signals, signature information, determined
brain state of a subject, and so forth.

[0062] Insummary, the present invention provides systems
and methods directed to estimating and removing artifacts,
such as BCG artifacts, from corrupted electrophysiologic
data recorded in conditions associated with MRI environ-
ments. Specifically, the present invention implements a har-
monic regression technique that includes physically-moti-
vated parametric models of BCG artifacts and true underlying
EEG signals, and incorporates a local maximum likelihood
approach to identify model parameters and estimate BCG
artifacts, without need for acquiring reference signals or sub-
jective case-specific criteria.

[0063] The approach of the present invention detailed
herein was utilized to process and analyze a set of oscillatory
BCG-corrupted FEG data recorded in MRI scanners at 3
Tesla and 7 Tesla to demonstrate the efficacy. It was shown
that estimates provided by the present invention for oscilla-
tory signatures of interest in the EEG reflect both overall
pattern trends as well as specific timing and power changes of
interest for cognitive and clinical studies. In addition, EEG
oscillatory signatures estimated consistently resulted in over
10-20 fold increase in SNR over their BCG-corrupted coun-
terparts. These results are unlike those obtained using refer-
ence-based methods which in some cases reduce SNR due to
large residuals.

[0064] The present invention affords several novelties
beyond current methods. Specifically, the technique pre-
sented adapts well to the time-varying nature of artifacts, and
thus is uniquely suitable for long recording durations or stud-
ies using drugs where BCG features drift significantly. Par-
ticularly, in studies of brain states, the present invention may
facilitate the use of EEG data obtained from fronto-temporal
channels, which generally exhibit the worst artifacts, and is
thus uniquely suitable for studies requiring data from those
channels. Also, the present invention is amenable for real-
time implementation, thus enabling continuous monitoring
and online artifact removal. In addition, unlike other methods
that perform less reliably due to worsening artifacts at high
magnetic fields, the present invention is applicable for elec-
trophysiologic data obtained at higher fields, capitalizing on
the enhancement of artifact to signal ratio at higher fields.
Hence, the approach of the present invention may be uniquely
advantageous given the emerging preference for higher spa-
tial resolutions afforded by high-field MRI techniques.
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[0065] Moreover, unlike subtraction or basis decomposi-
tion techniques that require long segments of continuous
contaminated recordings to estimate BCG artifacts, the
present invention also works well on short data segments, as
obtained, for example, during intermittent or interleaved
recordings. In addition, the parametric model introduced may
be well-poised to cope with time or stimulus dependent varia-
tions in BCG features.

[0066] Insome envisioned applications, the present inven-
tion may facilitate enhanced monitoring of physiologic func-
tion in normal, clinical or pathological states. In the instance
of brain function monitoring, the present invention enables
correlations between (a) haemodynamic, biochemical or
structural changes in brain, as measured by high spatial reso-
lution MRI, and (b) concomitant high temporal resolution
electrophysiologic signatures, using corrected EEG data pro-
cessed to remove MR environment artifacts. In this manner,
robust EEG-MRI acquisition and analysis may be performed,
with the potential for research applications in neurophysi-
ological and cognitive studies, and/or clinical applications in
neurology, psychiatry and radiology. Specifically, the present
invention may facilitate (a) diagnosis, pre-surgical evalua-
tion, and treatment planning in epilepsy, (b) diagnosis and
classification of coma and vegetative states, (¢) psychophysi-
cal testing and cognitive assessments, (d) sleep studies, (e)
neuropsychiatric drug research and (f) monitoring of disease
progression or treatment response in a variety of neuropsy-
chiatric conditions.

[0067] Features suitable for combinations and sub-combi-
nations would be readily apparent to persons skilled in the art
upon review of the present application as a whole. The subject
matter described herein and in the recited claims intends to
cover and embrace all suitable changes in technology.

1. A magnetic resonance imaging (“MRI”) system com-

prising:

a magnet system configured to generate a polarizing mag-
netic field about a portion of the subject positioned in the
MRI system;

a plurality of gradient coils configured to apply a gradient
field to the polarizing magnetic field;

a radio frequency (RF) system configured to apply a RF
excitation field to the subject, and acquire therefrom a
set of magnetic resonance image (“MRI”) data;

at least one input configured to receive electrophysiologic
data acquired from the subject;

at least one computer configured to:

a) process the electrophysiologic data as a time-series
signal;

b) apply a regression model that defines an interference
signal caused by periodic artifacts in the time-series
signal using a harmonic representation to definea cost
function;

¢) perform an iterative optimization process to estimate
regression parameters that minimize the cost func-
tion;

d) determine, using the regression parameters, the inter-
ference signal; and

e) generate a corrected time-series electrophysiologic
signal by reducing the interference signal relative to
the time-series electrophysiologic signal.

2. The system of claim, wherein the electrophysiologic

data comprises electroencephalogram (“EEG”) data.
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3. The system of claim 1, wherein the regression model
further defines oscillatory dynamics of an EEG signal by
using an autoregressive representation.

4. The system of claim 3, wherein the at least one computer
is further configured to determine a phase and an amplitude
for signal components describing the EEG signal.

5. The system of claim 1, wherein the interference signal
comprises a ballistocardiogram (“BCG”) signal.

6. The system of claim 1, wherein the cost function is
defined as:

Clw, Baly)= Tlog(s%] + log(det(Q)) + N;

wherein S,=(y-Z(w)B) Q (y-Z(w)p) for an observed
Tx1 data vector of the time-series electrophysiologic
signal, y, Nis a number of harmonics in a spectrum of the
time-series electrophysiologic signal, and w (rad/sec) is
a fundamental frequency defining a harmonic template,
a and f} are the estimated parameters, Q is a covariance
matrix and Z is a harmonic model matrix.

7. The system of claim 1, wherein the at least one computer
is further configured to determine an amplitude, a phase, and
a fundamental frequency for a number of harmonics describ-
ing the interference signal.

8. The system of claim 7, wherein the fundamental fre-
quency is related to a heart rate.

9. The system of claim 1, wherein the at least one computer
is further configured to perform the iterative optimization
process by applying a cyclic descent technique.

10. The system of claim 1, wherein the at least one com-
puter is further configured to combine the corrected time-
series electrophysiologic signal with the set of MRI data to
determine a physiologic state of the subject.

11. A system for monitoring a subject’s brain, the system
comprising:

an input configured to receive electroencephalogram

(“EEG”) data acquired from a subject;

at least one processor configured to:

1) receive the EEG data from the input;

i) apply a regression model that defines a ballistocar-
diogram signal using a harmonic representation to the
EEG data to define a cost function;

1i1) perform an iterative optimization process to estimate
regression parameters that reduce the cost function;

v) determine, using the regression parameters, the bal-
listocardiogram signal,

vi) generate a corrected EEG data by reducing the bal-
listocardiogram signal within the EEG data; and

an output configured to deliver a report representative of

the corrected EEG data.

12. The system of claim 11, wherein the regression model
further defines oscillatory dynamics of an EEG signal by
using an autoregressive representation.

13. The system of claim 11, wherein the cost function is
defined as:

Clw, Baly) = Tlog(s%] + log(det(Q)) + N;
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where is S,~(y-Z(®)B)’Q ' (y-Z(w)p) for an observed
Tx1 data vector of the EEG data, y, N is a number of
harmonics in a spectrum of the EEG data as a time-series
EEG signal, and w (rad/sec) is a fundamental frequency
defining a harmonic template, o. and f§ are the estimated
parameters, Q is a covariance matrix and Z is a harmonic
model matrix.

14. The system of claim 11, wherein the at least one pro-
cessor is further configured to determine an amplitude, a
phase, and a fundamental frequency related to a heart rate, for
a number of harmonics describing the ballistocardiogram
signal.

15. The system of claim 11, wherein the at least one pro-
cessor is further configured to combine the corrected EEG
data with a set of functional magnetic resonance imaging
(fMRI) data to determine a brain state of the subject.

16. A method for reducing artifacts in an electrophysi-
ologic signal, the method comprising:

receiving a time-series electrophysiologic signal acquired

from a subject;

providing a regression model that defines an interference

signal caused by periodic artifacts using a harmonic
representation;

applying the regression model using the time-series elec-

trophysiologic signal to define a cost function;
performing an iterative optimization process to estimate
regression parameters that minimize the cost function;
determining, using the regression parameters, the interfer-
ence signal; and

generating a corrected time-series electrophysiologic sig-

nal by reducing the interference signal.

17. The method of ¢laim 16, wherein the method further
comprises acquiring the time-series electrophysiologic signal
from a subject arranged within a MRI system.

18. The method of claim 16, wherein the regression model
further defines oscillatory dynamics of an electrophysiologic
signal by using an autoregressive representation.

19. The method of claim 16, wherein the cost function is
defined as:

Clw, B, aly) = Tlog(s%] +log(det(0)) + N;

where is S,=(y-Z(0)B)’Q ' (y-Z(w)B) for an observed
Tx1 data vector of the EEG data, y, N is a number of
harmonics in a spectrum of the time-series EEG signal,
and o (rad/sec) is a fundamental frequency defining a
harmonic template, o and [} are the estimated param-
eters, Q1s a covariance matrix and 7 is aharmonic model
matrix.

20. The method of claim 16, wherein performing the itera-
tive optimization process further includes determining an
amplitude, a phase, and a fundamental frequency related to a
heart rate for a number of harmonics describing the interfer-
ence signal.

21. The method of claim 16, wherein performing the itera-
tive optimization process further includes applying a cyclic
descent technique.

22. The method of claim 16, wherein the method further
comprises combining the corrected time-series electrophysi-
ologic signal with a set of MRI data acquired using a MRI
system to determine a physiologic state of the subject.
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