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7) ABSTRACT

A system and method to extract the timing of ECG events
without reliance on ECG. The system and method are based
on effects of scalp pulsation (due to blood flow) on electrode
location. The electrodes in the system with the closest
proximity to the facial arteries are re-referenced to create a
[Mean Left-Mean Right] signal (LRM). A constrained peak
detection algorithm is then used to find the BCG events.
Finally, an automatic error checking and correction algo-
rithm based on inter-beat timing is applied.
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SYSTEMS AND METHODS FOR
MEASURING CARDIAC TIMING FROM A
BALLISTOCARDIOGRAM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a 35 U.S.C. §111(a) continua-
tion of PCT international application number PCT/US2015/
031843 filed on May 20, 2015, incorporated herein by
reference in its entirety, which claims priority to, and the
benefit of, U.S. provisional patent application Ser. No.
62/000,924 filed on May 20, 2014, incorporated herein by
reference in its entirety. Priority is claimed to each of the
foregoing applications.

[0002] The above-referenced PCT international applica-
tion was published as PCT International Publication No.
WO 2015/179567 on Nov. 26, 2015, which publication is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCHER DEVELOPMENT

[0003] Not Applicable

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX

[0004] Not Applicable

Notice of Material Subject to Copyright Protection

[0005] A portion of the material in this patent document is
subject to copyright protection under the copyright laws of
the United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the United States Patent and Trademark
Office publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright
owner does not hereby waive any of its rights to have this
patent document maintained in secrecy, including without
limitation its rights pursuant to 37 C.F.R. §1.14.

BACKGROUND
[0006] 1. Technical Field
[0007] This description pertains generally to neurology,

and more particularly to electrocardiogram (ECG) signal
processing.

[0008] 2. Background Discussion

[0009] Electroencephalography, or EEG, is the recording
of electrical activity from the scalp. EEG measures voltage
fluctuations that result from ionic current flows within the
brain. In clinical contexts, EEG is recorded from multiple
electrodes placed on the scalp for periods of minutes to days.
Diagnostic applications include detection of normal and
abnormal markers of brain function such as observations of
brief or extended electrical events that are pathognomonic of
certain diseases or of brain and cognitive states. In the clinic,
the EEG plays important roles in sleep medicine, epilepsy,
brain tumors, anesthesia monitoring, coma, and other seri-
ous medical conditions. The analysis of the EEG often
includes evaluation of its spectral content of EEG, referring
to the common presence of oscillatory components to these
signals.
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[0010] Ballistocardiogram Artifact (BCG) refers to con-
taminate signals in an electroencephalogram that arise from
movement of the body, blood and electric charge across
blood vessels due to heart pulsation, particularly when the
EEG is recorded within a magnetic field, such as is encoun-
tered in a Magnetic Resonance Imaging (MRI) environment.
[0011] FElectrocardiography (EKG or ECG) is a measure of
the heart’s electrical activity. Hereafter, the single designa-
tion ECG will be used to refer to this signal. ECG is typically
a transthoracic (across the thorax or chest) interpretation of
the electrical activity of the heart over a period of time, as
detected by electrodes attached to the surface of the skin and
recorded by a device external to the body. It picks up
electrical impulses generated by the polarization and depo-
larization of cardiac tissue and translates into a waveform.
The waveform is then used to measure the timing of heart-
beats. The recording produced by this noninvasive proce-
dure is termed an electrocardiogram (ECG).

[0012] Under a variety of circumstances, and particularly
when EEG signals are acquired during magnetic resonance
imaging, the BCG (and at times the ECG) can contaminate
the desired EEG signals.

[0013] Several methods exist to suppress these artifactual
contaminations, but these, in general, depend on accurate
timing information for the cardiac-related BCG and ECG
signals. Poor quality of the ECG recording will contribute to
errors that can occur easily from incorrect placement of the
electrodes and/or poor synchronization of the EEG and ECG
recordings.

[0014] There have been attempts to extract cardiac timing
from the BCG. These methods have generally used the mean
of the rectified/absolute signal (often referred to as the
global field power (GFP)) to emphasize the BCG artifact and
extract its timing. However the variance between the timing
in this method and the measured cardiac timing often is
excessive, leading to poor artifact suppression. As such, the
current state of the art for measuring the timing of the BCG
events is to infer it based upon the timing of the R-wave
complexes of a simultaneously recorded ECG. Where the
ECG signal arises from a single source, the change in
polarization of the heart muscle, the BCG artifact arises
from multiple sources only one of which has a tight time
lock to the heartbeat. As a result of the multiple sources of
the BCG artifact, there is discrepancy in the timing between
ECG signals and some of the components of the BCG
artifact. This leads ultimately to poor artifact rejection and
degraded EEG.

BRIEF SUMMARY

[0015] In one aspect of the disclosure, a system is dis-
closed for measuring the timing of the BCG directly from
the EEG recordings, in order to eliminate the most important
sources of error that stem from the ECG recording. This
improves the ability of the system to remove the contami-
nating BCG from the EEG recording.

[0016] Another aspect is a system and method to extract
the timing of electrocardiographic events without reliance
on BECG. The system and method are based on effects of
scalp pulsation (due to blood flow) on electrode location.
Unlike the other two sources of BCG (cardiac induced head
movement and the Hall effect from the motion of the blood
in the magnetic field) the timing of the hydromechanical
coupling/lag to the cardiac cycle to the blood vessel pulsa-
tion is locked tightly. The electrodes in the EEG system with



US 2017/0065196 A1

the closest proximity to the facial arteries are re-referenced
to create a [Left Mean-Right Mean] signal (LRM). A peak
detection algorithm is then used to find the timing of the
BCG events in the LRM signal. This timing can then be used
in a BCG cleaning algorithm of choice or used to seed
additional peak detection within individual EEG channels
the timing of which can then be fed into a BCG cleaning
algorithm of choice.

[0017] The systems and method of the present description
are more accurate in finding BCG events as compared to
using the ECG signal, as the present system and method find
the events themselves rather than inferring them from a
correlated but not locked signal. The LRM also is more
reliable and accurate than using an alternate, global field
power (i.e., mean of the absolute signal, MAS), approach, as
the GFP draws its signals from all electrodes rather than
those lying directly above the arteries. This causes the GFP
signal to have heavier weight in BCG components as
compared to the LRM from both head movement and the
Hall effect.

[0018] Further aspects of the technology will be brought
out in the following portions of the specification, wherein
the detailed description is for the purpose of fully disclosing
preferred embodiments of the technology without placing
limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0019] The technology described herein will be more fully
understood by reference to the following drawings which are
for illustrative purposes only:

[0020] FIG. 1 illustrates an exemplary flow diagram of a
method to extract cardiac timing from an electroencephalo-
graphic recording in accordance with the present descrip-
tion.

[0021] FIG. 2is a schematic diagram of a system to extract
cardiac timing from an electroencephalograph in accordance
with the present description.

[0022] FIG. 3 illustrates exemplary EEG and ECG graphs,
and demonstrates the extent to which BCG contaminates the
EEG signals.

[0023] FIG. 4 shows a topographic view of the layout of
an Extended 10-20 EEG system with an array of EEG
electrodes disposed in relation to a subject.

[0024] FIG. 5 shows a subject wearing an EEG electrode
net configured for specified placement according to facial
arteries of the subject.

[0025] FIG. 6 shows a plot illustrating Left-Right Mean
(LRM) and peak timing in accordance with the method of
FIG. 1.

[0026] FIG. 7A and FIG. 7B are plots depicting inter-beat
interval and fences in accordance with the method of FIG.
1.

[0027] FIG. 8A through FIG. 8C are plots illustrating
windowing about the various detected peaks for numerous
EEG channels and for the ECG.

[0028] FIG. 9A and FIG. 9B are histogram plots showing
differences between ECG and BCG timing.

DETAILED DESCRIPTION

[0029] One realization of the present disclosure is based
on the observation that second to the gradient artifact, the
ballistocardiogram artifact (BCG) typically is the largest

Mar. 9, 2017

contaminant of electroencephalographic (EEG) recordings
acquired within the Magnetic Resonance Imaging (MRI)
environment. The strength of the BCG artifact contamina-
tion in a typical 3 Tesla MRI system is on the order of 10
times greater than the EEG signal itself. Making matters
worse, this ratio scales with magnetic field strength.
[0030] The BCG artifact is believed to originate from
three main sources: displacement of the electrodes from
scalp movement, rotation and translations of the head from
cardiac movements, and the Hall effect from the motion of
the blood in the magnetic field. Each contamination source
generates a voltage difference between the electrodes that
contributes to the ballistocardiogram.

[0031] Existing algorithms that deal with this issue use a
variety of means to estimate the waveform of the BCG and
to subtract it from the contaminated signal. Generally, this
entails various forms of windowing the EEG recording
about the cardiac cycle, the timing for which typically is
obtained from simultaneously recorded electrocardiogram
(ECQ).

[0032] The ECG recording itselfis a source of errors when
used with current standard cleaning algorithms.

[0033] First and foremost, using the ECG to window/clean
the BCG artifact assumes that the two events are time-
locked. While correlated, this time locking is neither guar-
anteed nor reliable. The variability comes from the dynamics
of the coupling between electrical signaling of the heart and
the multiple of source of the BCG signal. It is the lack of
time lock between the ECG and all of the BCG components
that leads to suboptimal cleaning from ECG based time
points.

[0034] Second, current art assumes that the timing of an
event in one channel is the same for all channels, which is
also not the case. There time course of the flow of blood as
it travels through the vasculature in the head is dispersed.
Thus, there should be similar time dispersion of how the
artifact propagates though the head (see F1G. 3, showing the
various channels for each probe in the EEG graph 80 and
ECG recording 82). The nature of how the two are related
results from multiple components and causes noted above.
[0035] Third, the ECG recording system itself can act as
a source of electronic noise both to the EEG and MRI
instruments, leading to degraded recordings in both.
[0036] Fourth, the timing of the EEG and ECG recordings
will be inexact if the clocks in the two recording devices are
not locked precisely to one another. A common cause of this
is error is that the EEG and ECG are recorded and digitized
on separate instruments.

[0037] Fifth is the issue of attaching the ECG electrodes,
the incorrect placement of which will lead to poor quality in
the ECG recording. ECG electrode placement can be tech-
nically challenging due to variations in human anatomy
from factors such as gender, size and weight.

[0038] Sixth, recording of the ECG during magnetic reso-
nance imaging is subject to large contaminations from the
MRI scanner. These contaminations result frequently in
corruption of the ECG signal and inaccurate extraction of
timing signals from the ECG.

[0039] FIG. 1 shows an exemplary flow diagram of a
method 10 for extracting cardiac timing from electroen-
cephalograph data and in particular, ballistocardiographs. As
mentioned above, the ballistocardiogram artifact (BCG) is
the largest contaminate in the combined EEG-MRI record-
ings, FIG. 2.
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[0040] In a preferred embodiment, method 10 may be
implemented as a self-contained module of encoded instruc-
tions as part of application software 54 shown in FIG. 1.
EEG is data 12 is passed in, and the cardiac timing 44 is
passed out.

[0041] Initially, the MR-artifact cleaned data 12 is input
into two separate pipelines 14, 30 for processing. Cardiac
timing is extracted from both pipelines, and used as one of
the several layers of built-in automatic error checking and
correction. Using the two separate pipelines 14, 30 makes it
possible to cross validate the timing measures. The first
pipeline 14 provides a robust signal with regards to the
BCG, however, the timing is not locked perfectly to the
ECG. The second pipeline 30 provides a mechanically
locked signal with respect to the ECG but, as it draws on
fewer EEG channels, the signal to noise ratio is not as large.
While it is preferential to have a multi-pipeline approach as
described above and to cross-reference signals from each
pipeline, it is appreciated that the first pipeline 14 is optional,
and the method 10 may be employed with use of the second
pipeline 30 individually.

[0042] In the first pipeline 14, the robust signal as well as
optional mean of the absolute (MAS) signal is created.
Channels are determined to be acceptable either through
impedance measurements made by the EEG system or by
analyzing the statistical properties of the signal within a
channel. The MAS signal is then constructed by taking the
mean of the absolute signal within channel across channels
deemed acceptable. As shown in FIG. 1, the cleaned input 12
is first filtered (e.g. via a high order band pass filter) at step
16 and then rectified (i.e. the absolute value is taken) at step
18. It is understood that the MAS can be constructed from
filtered and unfiltered versions of the EEG signals, and thus
filtering step 16 is optional. The mean signal is then
extracted at step 20 across all channels deemed to have
impedance measured within an acceptable range to get the
mean of the absolute signal (MAS).

[0043] At step 22, the MAS is then run through a con-
strained peak detection algorithm to find the MAS BCG
peak. In one embodiment, constraints are applied to the peak
detection algorithm to find the “R-Wave” equivalent peak.
The applied constraints are based upon the nature of the data
as well as physiological limits: the signal voltage range, as
well as a reasonable range for heart rates in a supine position
based upon subject age, are used to set a target range for
detection. The first constraint speeds the calculations by
helping to narrow down the search range, while the second
forces the detected points to lie within a physically realistic
range, thereby rejecting outliers and artifacts.

[0044] The method of step 22 can be steered astray by
subject motion artifacts such as eye blinks, head or jaw
movement. To counteract this problem, the first stage of
error checking and correction is applied at step 22 by
examining the rate of change of the heartbeat timing, the
inter-beat interval (IBI). At step 24, the method looks for
“blips” (e.g. anomalies) in the BCG “R-R” or interbeat
interval, and then runs a search to fix “blip” peaks at step 26.
The automatic error checking and correction algorithm is
shown in more detail in FIG. 7.

[0045] In the second pipeline 30, the time locked signal
data, which is the left mean-right mean (LRM), is reduced
to channels corresponding to electrodes 65 that lie in closest
proximity to the facial arteries (see FIG. 4 and FIG. 5) at step
32 to create the LRM reference signal. The shaded elec-
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trodes 65 (e.g. electrodes F,, C5, T,, A, for the left channel
and Fg, C,, Ty, and A, for the right channel) were chosen
because they contain a large component of pulsatile motion
artifact of scalp that arises from the blood flowing in arteries
beneath them which is coupled mechanically to the heartbeat
through the hydraulics of the circulatory system. It is under-
stood that the electrode channels 65 chosen are not restricted
to the ones displayed in FIG. 4 and FIG. 5, but rather can be
any electrodes/channels in close proximity to vasculature.
From this channel subset the LRM is constructed by taking
the mean of the signals from left hemisphere’s channels and
subtracting it from the mean of the signals of the right
hemisphere’s channels at step 34, which may include further
band-pass filtering.

[0046] Next, a peak detection algorithm with built-in error
checking is applied at step 36 to find the “R-Wave” equiva-
lent peak in the LRM signal. The peak detection algorithm
36 (which may be constrained) runs on the signal(s) from
step 34, and with the optional addition inputs of the signal(s)
from pipeline 14. For example, the peak detection algorithm
may be primed with the timing of the MAS events from step
26. The constrained peak detection algorithm is shown in
further detail with respect to FIG. 6.

[0047] One of two things can then happen with the time
points/peaks of the LRM signal acquired at step 36. The first
is they can be passed into searches within each EEG channel
and a process similar to peak detection of the LRM pipeline
1s run, except for the peak detection algorithm is primed with
the peak times of the LRM, as explained above. In an
optional configuration, output 48 from the peak detection
algorithm 36 may be processed to apply acquired time points
to a BCG cleaning algorithm available in the art.

[0048] After this final validation, the LRM time points are
passed into searches within each EEG channel, and a process
similar to the LRM pipeline is run, except for the priming of
the measured peak times of the LRM. At step 38, the
acquired time points from step 36 are windowed by the time
period of the average IBI (e.g. a heart rate of 60 BPM=1 sec
window). At step 40, the Average Channel Waveform is used
for peak detection in each channel.

[0049] At step 42, the peak detected from the LR-BCG in
step 36 and the average channel waveform from step 40 are
used to run constrained peak detection on each channel.
[0050] Once the timing locations for all of the artifacts
have been detected, they are returned as the primary pro-
cessing output in step 44, which extracts BCG peak data in
each channel. This can then be fed into an artifact correction
algorithm in step 46.

[0051] FIG. 2 is a schematic diagram of a system 50 for
extracting cardiac timing from an electroencephalograph,
and in particular, BCG. The system preferably includes a
processing device, e.g. computer or server 52 having
memory 56 for storing application software 54 having
instructions configured for executing the methods of the
present description (e.g. method 10 of FIG. 1) on processor
58. The computer 52 is configured to receive as input EEG
data 60 (which may include MR cleaned EEG data 12 shown
in FIG. 1) acquired from the patient 64 from EEG array 62,
and outputs cardiac timing data 66 (e.g. extracted ECG peak
equivalents from module 44 of FIG. 1).

[0052] FIG. 3 is a 10 second exemplary plot of selected
electrodes of EEG data 80 recorded during an imaging
procedure inside an MRI scanner, but after an MR gradient
artifact cleaning algorithm has been applied. The EEG 80
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and ECG 82 recording were made within a Siemens” Tim
Trio 3T MRI during an echo planar imaging (EPI) sequence.
The EEG and ECG recordings were made with Electrical
Geodesics Incorporated’s Net Amps 300 MRI compatible
system. All electrodes referenced to Cz. Note the large
deflections in the EEG 80 that arise from cardiovascular
processes. It is clear from visual inspection that the balli-
stocardiogram (BCG) artifact has different peak onset times
depending on the electrode location with respect to the head
and facial arteries.

[0053] FIG. 4 shows a topographic view of the layout of
an Extended 10-20 EEG System 62 with an array of EEG
electrodes 68 disposed in relation to patient 64. The shaded
electrodes 65 are those used to generate the Left-Right Mean
(LRM) EEG signal in step 32 of method 20. In the cases
where electrodes A1 and A2 are not present, electrodes TP9
and TP10 or LM and RM respectively can be used in their
place.

[0054] FIG. 5 shows a subject wearing an Extended 10-20
EEG System 62. The left side 10-20 electrodes 65 corre-
sponding to channels used to generate the L-R mean are
shaded. The locations of the L-R mean generating electrodes
65 are positioned to coincide with the locations of the facial
arteries (e.g. one or more of temporal, orbital, frontal branch,
parietal branch, etc.)

[0055] FIG. 6 shows a plot illustrating LRM and peak
timing in accordance with method 10. A peak detection
algorithm (e.g. step 36 in FIG. 1) is used to find the BCG
events.

[0056] FIG. 7A and FIG. 7B are plots depicting one way
automatic error checking can be implemented based upon
the inter-beat interval and fences in accordance with the
method 10 of FIG. 1. A zero-phase moving average filter on
the detected inter-beat interval (IBI) is run to set fences so
that incorrectly detected peaks can be determined and cor-
rected automatically. Detected beats where the previous and
following IBI’s are outside the above determined fences, are
deemed to be errors. A local search around the expected peak
is run, and the peaks are corrected. In the plots of FIG. 7A
the center line represents the difference from the mean heart
rate and the outer lines represent the fences set based upon
the zero phase moving average of the IBI. Notice that the
periods in the plot of FIG. 7A, where there is double
deviation from the moving average fences, are corrected for
in the plot of 7B.

[0057] FIG. 8A through FIG. 8C are plots illustrating
windowing about the various detected peaks for numerous
EEG channels and for the ECG. In FIG. 8A, the EEG &ECG
signals are windowed and averaged about the detected
R-Wave Peak of the ECG. In FIG. 8B, the same is done, but
the windowing is about the detected peak in the LRM signal.
In FIG. 8C, the averages from FIG. 8A and FIG. 8B are
aligned based upon the mean difference between the ECG
R-wave peak and the LRM EEG peak and then subtracted
from one another. The line 90 in each channel represents the
difference and is a source of large potential error in estimat-
ing the BCG signal timing from the ECG.

[0058] FIG. 9A and FIG. 9B are histogram plots showing
differences in stability between ECG and MAS BCG timing
and ECG and Left mean-Right Mean BCG timing. The
histogram of FIG. 9A is the timing differences between the
measured ECG R-wave peak and the respective peak in the
MAS—representing current state-of-the-art in timing. The
mean difference=0.159 sec, with standard deviation=0.0061
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sec. The histogram of FIG. 9B reflects the timing difference
between BCG and ECK peaks from LRM pipeline 30 of
method 10 of the present description. The mean differ-
ence=0.077 sec, with standard deviation=0.0021 sec. As
shown in FIG. 9A and FIG. 9B, the method of the present
description shown in FIG. 9B illustrates much more consis-
tent timing. Measurements were acquired from a study with
a digital sampling frequency of 1 kHz; the observed standard
deviation of ~2 msec is at the approximate theoretical limit
of detection.

[0059] Embodiments of the present technology may be
described with reference to flowchart illustrations of meth-
ods and systems according to embodiments of the technol-
ogy, and/or algorithms, formulae, or other computational
depictions, which may also be implemented as computer
program products. In this regard, each block or step of a
flowchart, and combinations of blocks (and/or steps) in a
flowchart, algorithm, formula, or computational depiction
can be implemented by various means, such as hardware,
firmware, and/or software including one or more computer
program instructions embodied in computer-readable pro-
gram code logic. As will be appreciated, any such computer
program instructions may be loaded onto a computer,
including without limitation a general purpose coniputer or
special purpose computer, or other programmable process-
ing apparatus to produce a machine, such that the computer
program instructions which execute on the computer or
other programmable processing apparatus create means for
implementing the functions specified in the block(s) of the
flowchart(s).

[0060] Accordingly, blocks of the flowcharts, algorithms,
formulae, or computational depictions support combinations
of means for performing the specified functions, combina-
tions of steps for performing the specified functions, and
computer program instructions, such as embodied in com-
puter-readable program code logic means, for performing
the specified functions. It will also be understood that each
block of the flowchart illustrations, algorithms, formulae, or
computational depictions and combinations thereof
described herein, can be implemented by special purpose
hardware-based computer systems which perform the speci-
fied functions or steps, or combinations of special purpose
hardware and computer-readable program code logic means.
[0061] Furthermore, these computer program instructions,
such as embodied in computer-readable program code logic,
may also be stored in a computer-readable memory that can
direct a computer or other programmable processing appa-
ratus to function in a particular manner, such that the
instructions stored in the computer-readable memory pro-
duce an article of manufacture including instruction means
which implement the function specified in the block(s) of the
flowchart(s). The computer program instructions may also
be loaded onto a computer or other programmable process-
ing apparatus to cause a series of operational steps to be
performed on the computer or other programmable process-
ing apparatus to produce a computer-implemented process
such that the instructions which execute on the computer or
other programmable processing apparatus provide steps for
implementing the functions specified in the block(s) of the
flowchart(s), algorithm(s), formula(e), or computational
depiction(s).

[0062] It will further be appreciated that the terms “pro-
gramming” or “program executable” as used herein refer to
one or more instructions that can be executed by a processor
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to perform a function as described herein. The instructions
can be embodied in software, in firmware, or in a combi-
nation of software and firmware. The instructions can be
stored local to the device in non-transitory media, or can be
stored remotely such as on a server, or all or a portion of the
instructions can be stored locally and remotely. Instructions
stored remotely can be downloaded (pushed) to the device
by user initiation. or automatically based on one or more
factors. It will further be appreciated that as used herein, that
the terms processor, computer processor, central processing
unit (CPU), and computer are used synonymously to denote
a device capable of executing the instructions and commu-
nicating with input/output interfaces and/or peripheral
devices.

[0063] From the description herein, it will be appreciated
that that the present disclosure encompasses multiple
embodiments which include, but are not limited to, the
following:

[0064] 1. A system for extracting cardiac timing from
electroencephalograph (FEG) data: (a) an array of EEG
electrodes configured to be positioned over at least a portion
of a subject’s head, wherein each electrode in the array of
EEG electrodes is configured to generate EEG data on a
dedicated channel; (b) a computer processor coupled to the
array of EEG electrodes; and (c) a memory storing instruc-
tions executable on the computer processor, the instructions
when executed by the computer processor performing steps
comprising: (i) acquiring EEG data from the array of EEG
electrodes; (i1) generating a reference signal from a selected
portion of EEG channels, the selected portion of EEG
channels corresponding to one or more electrodes in close
proximity to one or more facial arteries of the subject, the
reference signal being highly correlated to more facial
arteries ballistocardiogram (BCG) artifact; and (iii) extract-
ing cardiac timing data from the EEG data as a function of
the generated reference signal.

[0065] 2. The system of any preceding embodiment,
wherein the cardiac timing comprises global BCG timing is
extracted independently of accompanying ECG data
acquired while acquiring the EEG data.

[0066] 3. The system of any preceding embodiment,
wherein the array of EEG electrodes comprises a subset of
EEG electrodes specifically positioned to coincide with one
or more facial arteries contributing to scalp-pulsation based
BCG artifact.

[0067] 4. The system of any preceding embodiment,
wherein generating a reference signal from a selected pot-
tion of EEG channels comprises generating a Left-Right
Mean difference (LRM) signal corresponding to a mean of
left-side EEG electrodes of the selected portion of EEG
channels subtracted from a mean of right-side EEG elec-
trodes of the selected portion of EEG channels.

[0068] 5. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: detecting a BCG peak
from the LRM signal.

[0069] 6. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: calculating a mean across
all channels in the array of EEG electrodes to generate a
mean absolute signal (MAS); and cross-correlating the LRM
signal with the MAS signal to extract a BCG peak either
globally or within each channel.
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[0070] 7. The system of any preceding embodiment,
wherein the data from the MAS signal is used to aid
detection of the BCG peak in the LRM signal.

[0071] 8. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: automatically checking
and correcting for errors in BCG peak detection of the LRM
signal as a function of inter-beat timing.

[0072] 9. The system of any preceding embodiment,
wherein automatically checking and correcting for errors in
BCG peak detection within individual EEG channels com-
prises searching for an anomaly in a BCG interbeat interval
of the MAS signal and correcting for said anomalies.
[0073] 10. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: windowing about times of
the BCG peak from the LRM signal by a time period of an
average interbeat interval.

[0074] 11. A method for extracting cardiac timing from
electroencephalograph (EEG) data: acquiring EEG data
from an array of EEG electrodes disposed around the head
of a subject; generating a reference signal from a selected
portion of EEG channels, the selected portion of EEG
channels corresponding to one or more electrodes in close
proximity to one or more facial arteries of the subject, the
reference signal being highly correlated to one or more
facial arteries ballistocardiogram (BCG) artifacts; and
extracting cardiac timing data from the EEG data as a
fanction of the generated reference signal.

[0075] 12. The method of any preceding embodiment,
wherein the cardiac timing comprises global BCG timing is
extracted independently of accompanying ECG data
acquired while acquiring the EEG data.

[0076] 13. The method of any preceding embodiment,
wherein prior to acquiring EEG data, the array of EEG
electrodes is positioned on the subject’s head such that a
subset of EEG electrodes are specifically positioned to
coincide with one or more facial arteries contributing to
scalp-pulsation based BCG artifacts.

[0077] 14. The method of any preceding embodiment,
wherein generating a reference signal from a selected por-
tion of EEG channels comprises generating a Left-Right
Mean difference (LRM) signal corresponding to a mean of
left-side EEG electrodes of the selected portion of EEG
channels subtracted from a mean of right-side EEG elec-
trodes of the selected portion of EEG channels.

[0078] 15. The method of any preceding embodiment, the
method further comprising the step of: detecting a BCG
peak from the LRM signal.

[0079] 16. The method of any preceding embodiment, the
method further comprising the steps of: calculating a mean
across all channels in the array of EEG electrodes to
generate a mean absolute signal (MAS); and cross-correlat-
ing the LRM signal with the MAS signal to extract a BCG
peak either globally or within each channel.

[0080] 17. The method of any preceding embodiment:
wherein the data from the MAS signal is used to aid
detection of the BCG peak in the LRM signal.

[0081] 18. The method of any preceding embodiment, the
method further comprising the step of: automatically check-
ing and correcting for errors in BCG peak detection of the
LRM signal as a function of inter-beat timing.

[0082] 19. The method of any preceding embodiment,
wherein automatically checking and correcting for errors in
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BCG peak detection within individual EEG channels com-
prises searching for an anomaly in a BCG interbeat interval
of the MAS signal and correcting for said anomalies.
[0083] 20. The method of any preceding embodiment, the
method further comprising the step of: windowing about
times of the BCG peak from the LRM signal by a time
period of an average interbeat interval.

[0084] 21. A system for extracting cardiac timing from
electroencephalograph (EEG) data, the system comprising:
(a) an array of EEG electrodes configured to be positioned
over at least a portion of a subject’s head, wherein each
electrode in the array of EEG electrodes is configured to
generate EEG data on a dedicated channel; (b) a computer
processor coupled to the array of EEG electrodes; and (c)
memory storing instructions executable on the processor, the
instructions, when executed, performing the steps compris-
ing: (i) acquiring EEG data from the array of EEG elec-
trodes; (i1) generating a reference signal from a selected
portion of EEG channels, the selected portion of EEG
channels corresponding to one or more electrodes in close
proximity to one or more facial arteries of the subject, the
reference signal being highly correlated to one or more
facial arteries ballistocardiogram (BCG) artifacts; (iii) cal-
culating a mean across all channels in the array of EEG
electrodes to generate a mean absolute signal (MAS); (iv)
extracting BCG timing data from all channels in the array of
EEG electrodes as a function of the generated reference
signal.

[0085] 22. The system of any preceding embodiment,
wherein the array of EEG electrodes comprises a subset of
EEG electrodes specifically positioned at or near facial
vasculature contributing to scalp-pulsation based BCG arti-
facts.

[0086] 23. The system of any preceding embodiment,
wherein generating a reference signal from a selected por-
tion of EEG channels comprises generating a Left-Right
Mean difference (LRM) signal corresponding to a mean of
left-side EEG electrodes of the selected portion of EEG
channels subtracted from a mean of right-side EEG elec-
trodes of the selected portion of EEG channels.

[0087] 24. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: cross-correlating the
LRM signal with the MAS signal to extract one or more
BCG peaks in each channel; and extracting the BCG timing
data independently of accompanying ECG data acquired
while acquiring the EEG data.

[0088] 25. The system of any preceding embodiment,
wherein the data from the MAS signal is used to aid
detection of the BCG peak in the LRM signal.

[0089] 26. The system of any preceding embodiment, the
instructions further comprising the step of: automatically
checking and correcting for errors in BCG peak detection of
the LRM signal as a function of inter-beat timing.

[0090] 27. The system of any preceding embodiment,
wherein automatically checking and correcting for errors in
BCG peak detection within individual EEG channels com-
prises searching for an anomaly in a BCG interbeat interval
of the MAS signal and correcting for said anomalies.
[0091] 28. The system of any preceding embodiment, the
instructions when executed by the computer processor fur-
ther performing steps comprising: windowing about times of
the BCG peak from the LRM signal by a time period of an
average interbeat interval.
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[0092] Although the description herein contains many
details, these should not be construed as limiting the scope
of the disclosure but as merely providing illustrations of
some of the presently preferred embodiments. Therefore, it
will be appreciated that the scope of the disclosure fully
encompasses other embodiments which may become obvi-
ous to those skilled in the art.

[0093] In the claims, reference to an element in the sin-
gular is not intended to mean “one and only one” unless
explicitly so stated, but rather “one or more.” All structural,
chemical, and functional equivalents to the elements of the
disclosed embodiments that are known to those of ordinary
skill in the art are expressly incorporated herein by reference
and are intended to be encompassed by the present claims.
Furthermore, no element, component, or method step in the
present disclosure is intended to be dedicated to the public
regardless of whether the element, component, or method
step is explicitly recited in the claims. No claim element
herein is to be construed as a “means plus function” element
unless the element is expressly recited using the phrase
“means for”. No claim element herein is to be construed as
a “step plus function” element unless the element is
expressly recited using the phrase “step for”.

What is claimed is:

1. A system for extracting cardiac timing from electroen-

cephalograph (EEG) data:

(a) an array of EEG electrodes configured to be positioned
over at least a portion of a subject’s head, wherein each
electrode in the array of EEG electrodes is configured
to generate EEG data on a dedicated channel;

(b) a computer processor coupled to the array of EEG
electrodes; and

(c) a memory storing instructions executable on the
computer processor, the instructions when executed by
the computer processor performing steps comprising:

(1) acquiring EEG data from the array of EEG elec-
trodes;

(ii) generating a reference signal from a selected por-
tion of EEG channels, the selected portion of EEG
channels corresponding to one or more electrodes in
close proximity to one or more facial arteries of the
subject, the reference signal being highly correlated
to more facial arteries ballistocardiogram (BCG)
artifact; and

(iil) extracting cardiac timing data from the EEG data
as a function of the generated reference signal.

2. A system as recited in claim 1, wherein the cardiac
timing comprises global BCG timing is extracted indepen-
dently of accompanying ECG data acquired while acquiring
the EEG data.

3. A system as recited in claim 1, wherein the array of
EEG electrodes comprises a subset of EEG electrodes
specifically positioned to coincide with one or more facial
arteries contributing to scalp-pulsation based BCG artifact.

4. A system as recited in claim 1, wherein generating a
reference signal from a selected portion of EEG channels
comprises generating a Left-Right Mean difference (LRM)
signal corresponding to a mean of left-side EEG electrodes
of the selected portion of EEG channels subtracted from a
mean of right-side EEG electrodes of the selected portion of
EEG channels.
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5. A system as recited in claim 4, the instructions when
executed by the computer processor further performing steps
comprising:

detecting a BCG peak from the LRM signal.

6. A system as recited in claim 5, the instructions when
executed by the computer processor further performing steps
comprising:

calculating a mean across all channels in the array of EEG

electrodes to generate a mean absolute signal (MAS);
and

cross-correlating the LRM signal with the MAS signal to

extract a BCG peak either globally or within each
channel.

7. A system as recited in claim 6, wherein the data from
the MAS signal is used to aid detection of the BCG peak in
the LRM signal.

8. A system as recited in claim 6, the instructions when
executed by the computer processor further performing steps
comprising:

automatically checking and correcting for errors in BCG

peak detection of the LRM signal as a function of
inter-beat timing.

9. A system as recited in claim 8, wherein automatically
checking and correcting for errors in BCG peak detection
within individual EEG channels comprises searching for an
anomaly in a BCG interbeat interval of the MAS signal and
correcting for said anomalies.

10. A system as recited in claim 5, the instructions when
executed by the computer processor further performing steps
comprising:

windowing about times of the BCG peak from the LRM

signal by a time period of an average interbeat interval.

11. A method for extracting cardiac timing from electro-
encephalograph (EEG) data:

acquiring EEG data from an array of EEG electrodes

disposed around the head of a subject;

generating a reference signal from a selected portion of

EEG channels, the selected portion of EEG channels
corresponding to one or more electrodes in close prox-
imity to one or more facial arteries of the subject, the
reference signal being highly correlated to one or more
facial arteries ballistocardiogram (BCG) artifacts; and

extracting cardiac timing data from the EEG data as a

function of the generated reference signal.

12. A method as recited in claim 11, wherein the cardiac
timing comprises global BCG timing is extracted indepen-
dently of accompanying ECG data acquired while acquiring
the EEG data.

13. A method as recited in claim 11, wherein prior to
acquiring EEG data, the array of EEG electrodes is posi-
tioned on the subject’s head such that a subset of EEG
electrodes are specifically positioned to coincide with one or
more facial arteries contributing to scalp-pulsation based
BCG artifacts.

14. A method as recited in claim 11, wherein generating
a reference signal from a selected portion of EEG channels
comprises generating a Left-Right Mean difference (LRM)
signal corresponding to a mean of left-side EEG electrodes
of the selected portion of EEG channels subtracted from a
mean of right-side EEG electrodes of the selected portion of
EEG channels.

15. A method as recited in claim 14, the method further
comprising the step of:

detecting a BCG peak from the LRM signal.
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16. A method as recited in claim 15, the method further
comprising the steps of:

calculating a mean across all channels in the array of EEG
electrodes to generate a mean absolute signal (MAS);
and

cross-correlating the LRM signal with the MAS signal to
extract a BCG peak either globally or within each
channel.

17. A method as recited in claim 16:

wherein the data from the MAS signal is used to aid
detection of the BCG peak in the LRM signal.

18. A method as recited in claim 16, the method further

comprising the step of:

automatically checking and correcting for errors in BCG
peak detection of the LRM signal as a function of
inter-beat timing.

19. A method as recited in claim 18, wherein automati-
cally checking and correcting for errors in BCG peak
detection within individual EEG channels comprises search-
ing for an anomaly in a BCG interbeat interval of the MAS
signal and correcting for said anomalies.

20. A method as recited in claim 15, the method further
comprising the step of:

windowing about times of the BCG peak from the LRM
signal by a time period of an average interbeat interval.

21. A system for extracting cardiac timing from electro-
encephalograph (EEG) data, the system comprising:

(a) an array of EEG electrodes configured to be positioned
over at least a portion of a subject’s head, wherein each
electrode in the array of EEG electrodes is configured
to generate EEG data on a dedicated channel;

(b) a computer processor coupled to the array of EEG
electrodes; and

(c) a memory storing instructions executable on the
computer processor, the instructions when executed by
the computer processor petforming steps comprising:
(1) acquiring EEG data from the array of EEG elec-

trodes;

(i1) generating a reference signal from a selected por-
tion of EEG channels, the selected portion of EEG
channels corresponding to one or more electrodes in
close proximity to one or more facial arteries of the
subject, the reference signal being highly correlated
to one or more facial arteries ballistocardiogram
(BCG) artifacts;

(ii1) calculating a mean across all channels in the array
of EEG electrodes to generate a mean absolute signal
(MAS);

(iv) extracting BCG timing data from all channels in
the array of EEG electrodes as a function of the
generated reference signal.

22. A system as recited in claim 21, wherein the array of
EEG electrodes comprises a subset of EEG electrodes
specifically positioned at or near facial vasculature contrib-
uting to scalp-pulsation based BCG artifacts.

23. A system as recited in claim 21, wherein generating a
reference signal from a selected portion of EEG channels
comprises generating a Left-Right Mean difference (LRM)
signal corresponding to a mean of left-side EEG electrodes
of the selected portion of EEG channels subtracted from a
mean of right-side EEG electrodes of the selected portion of
EEG channels.
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24. A system as recited in claim 23, the instructions when
executed by the computer processor further performing steps
comprising:
cross-correlating the LRM signal with the MAS signal to
extract one or more BCG peaks in each channel; and

extracting the BCG timing data independently of accom-
panying ECG data acquired while acquiring the EEG
data.

25. A system as recited in claim 24, wherein the data from
the MAS signal is used to aid detection of the BCG peak in
the LRM signal.

26. A system as recited in claim 25, the instructions
further comprising the step of:

automatically checking and correcting for errors in BCG

peak detection of the LRM signal as a function of
inter-beat timing.

27. A system as recited in claim 26, wherein automatically
checking and correcting for errors in BCG peak detection
within individual EEG channels comprises searching for an
anomaly in a BCG interbeat interval of the MAS signal and
correcting for said anomalies.

28. A system as recited in claim 25, the instructions when
executed by the computer processor further performing steps
comptrising:

windowing about times of the BCG peak from the LRM

signal by a time period of an average interbeat interval.
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