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SYSTEM AND METHOD FOR MONITORING
AND WIRELESSLY TRANSMITTING
HEALTH DATA

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with government support
under the contract HHSN268201400021C awarded by the
National Institutes of Health. The government has certain
rights in the invention.

FIELD OF THE INVENTION

[0002] This invention relates to the field of wireless bio-
medical devices and healthcare information management
systems; and more specifically, to wireless monitoring of
medical and health data (e.g., vital signs, electrocardiogram,
blood pressure, pulse oximetry, electroencephalogram) in
the setting of magnetic resonance imaging, X-ray guided
cardiovascular procedures and other sources of electromag-
netic interference.

BACKGROUND OF THE INVENTION

[0003] This application is a continuation-in-part of pend-
ing U.S. patent application Ser. No. 14/470,923 filed on Aug.
27, 2014, which is incorporated herein by reference.
[0004] The following acronyms are used in this specifi-
cation:
ECG—electrocardiogram/electrocardiographic
steady state free-precession
EEG—electroencephalogram
namic effect
EMG—electromyogram SVD—singular value decomposi-
tion

MR—magnetic resonance GMF—gradient magnetic field
ABP—arterial blood pressure EMI—electromagnetic inter-
ference

A/D—analog-to-digital EMC—electromagnetic compatibil-
ity

DSP—digital signal processing

CMR—cardiovascular magnetic resonance

[0005] Physiological monitoring has become an essential
part of health and disease management. A number of moni-
toring modalities, sensors and systems have been developed
for various settings and patient groups. They include in-
hospital monitoring systems (e.g., bedside monitors and
systems for patient monitoring during surgeries and other
medical procedures), as well as out-of-hospital (ambulatory)
and home monitoring systems. The most common types of
collected information are ECG, EEG, EMG, temperature,
respiration (breathing) rate and amplitude, oxygen saturation
(pulse oximetry), ABP, glucose, hemoglobin, physical activ-
ity, vascular resistance and cardiac output.

[0006] Majority of in-hospital monitoring systems collect
data from multiple sensors and/or channels. For example,
cardiovascular hemodynamic monitoring often include
12-lead ECG, 4 blood-pressure and pulse-oximetry chan-
nels; the cardiac electrophysiological monitoring systems
include at least 8 surface ECG channels and additional
channels for collecting intracardiac electrograms, whereas
the EEG monitoring systems may incorporate up to 100
channels.

[0007] Because most physiological signals are relatively
small, require frequent data sampling and real-time data

SSFP—

MHE—magneto-hydrody-
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transmission, both electromagnetic interference and wireless
data transmission represent major challenges for the devel-
opment of such monitoring systems, as detailed below.
[0008] I. Electromagnetic Interference

[0009] Powerful sources of electromagnetic interference
that are usually present in a modern hospital environment
can generate substantial amount of noise, distortion and
interference. Magnetic-resonance (MR) scanners is an
example of a powerful source of electromagnetic interfer-
ence, which can lead to signal artifacts that are several-
orders of magnitude greater than ECG or EEG signals. This
interference becomes particularly important due to the
requirement for high-fidelity, diagnostic ECG monitoring
during interventional cardiovascular MR procedures and
tracking subtle changes in the amplitude of ECG ST-seg-
ment and T-wave, which may signal the earliest signs of
ischemia in patients with coronary artery disease. Moreover,
the interventional cardiovascular MR procedures also
require fast patient transportation (with continuous monitor-
ing) from the MR-scanner room to and X-ray room and
back. Due to the requirement of continuous monitoring
during both procedures, as well during transportation
between the two rooms, a single, wireless system must be
used for this setting. The frequency of the signals generated
by MR-scanner’s gradient magnetic fields (“GMF-interfer-
ence”) often overlaps with the frequency of cardiac signals
(“true ECG”). In this situation, ECG signals represent a
combination of the true ECG and GMF-interference.
Because the magnitude of MR-gradients (GMF) is usually
several orders of magnitude greater than the magnitude of
the true ECG; the MR-contaminated signals require sub-
stantial filtering, which modifies the pattern of the cardiac
signals and diminishes its diagnostic value. In addition, the
patterns of ECG signals in the presence of strong magnetic
fields are changed by the magneto-hydrodynamic effect
[MI-1,E], which arises due to the circulation of magnetized
blood in subject’s body. Although a number of filtering and
reconstruction approaches have been developed to address
this issue, an accurate, high-fidelity reconstruction of the
diagnostic quality true-ECG signal remains an open chal-
lenge. (Wu V. et. al. J Adaptive Noise Cancellation to
Suppress Electrocardiography Artifacts During Real-time
interventional MRI. Magnetic Resonance Imaging, 33(5):
1184-93. (2011).

[0010] The priot-art ECG reconstruction methods can be
divided into three groups:

[0011] A. Approaches utilizing MR-gradient signals,
which are either obtained directly from the MR-scarner
or its control equipment, Qdille et al. Noise Cancella-
tion Signal Processing Method and Computer System
for Improved Real-time Electrocardiogram Artifact
Correction During MRI data Acquisition, IEEE Trans
Biomed Eng, 54(4) pp. 630-40 (2007); additional
“blanking” can be employed for preventing saturation
of ECG amplifiers during the time periods of changes
in MR-gradients, which induce large voltages in the
ECG sensing cascades; Tse et al. A 1.5T MRI-Condi-
tional 12-Lead Electrocardiogram for MRI and Intra-
MR Intervention; Magnetic Resonance in Medicine 71
pp 1336-1347 (2014);

[0012] B. Methods utilizing dedicated, external anten-
nas (coils, loops) for detecting changes in electromag-
netic fields induced by MR-gradients (Laudon et al.
Minimizing interference from magnetic resonance



US 2017/0164901 Al

imagers during electrocardiography. IEEE Trans
Biomed Eng., 45(2) pp 160-4 (1998); Felblinger et al.
Restoration of Electrophysiological Signals Distorted
by Inductive Effects of Magnetic Field Gradients Dur-
ing MR Sequences, Magnetic Resonance in Medicine,
41 pp 715-21 (1999); and
[0013] C. Approaches based on modeling ECG signals,
using the signals obtained outside the MR-scanner, and
relying on a simplified assumption that the ECG wave-
forms do not change during subsequent MR-scanning
(Oster I, et. al. Nonlinear Bayesian Filtering for
Denoising of Electrocardiograms Acquired in a Mag-
netic Resonance Environment [EEE Transactions on
Biomedical Engineering. Vol. 57 No. 7, pp 1628-38
(July 2010).
[0014] II. Wireless Communication
[0015] Wireless connectivity offers mobility and conve-
nience, which cannot be achieved using “wire-based” sys-
tems. In a hospital setting, this allows uninterrupted patient
monitoring and movement of patients between different
procedure/surgery rooms, intensive care units, emergency
rooms and hospital beds. In an out-of-hospital or home
setting, wireless systems allow continuous monitoring dur-
ing sleep and daily activities; they can also be used on the
road and in other settings.
[0016] However, wireless data transmission poses several
challenges compared with the wire-based systems. First, the
speed and rate of wireless data transmission are limited. This
creates significant problems for the development of multi-
channel/multi-sensor wireless systems, which require sig-
nificant data throughput (such as cardiac electrophysiologi-
cal systems, cardiac hemodynamic monitoring or EEG-
mapping systems). Furthermore, wireless systems are
susceptible to electromagnetic noise and interference from
external sources. This issue is particularly important for
medical monitoring in the emergency setting and during
interventional procedures, where uninterrupted, high-fidel-
ity, real-time data are essential for patient diagnosis and
management. Rapid proliferation of medical equipment with
powerful electromagnetic sources (e.g., magnetic-resonance
(MR) scanners, X-ray machines, etc.) makes this issue
particularly challenging in the modem hospital environment.
Practically, this leads to the necessity to change the patient
monitoring systems when a patient is moved for different
diagnostic procedures and treatment throughout a hospital.
This requires detachment and re-attachment of multiple
ECG leads and other sensors to the patient, adding burden of
time, effort and cost for medical institutions and creating
discontinuities (gaps) in patient monitoring.
[0017] Traditionally, wireless radio-frequency transmit-
ters have been viewed as a simple replacement for wire-
based data transmission. Therefore, the wireless system
designs have essentially copied the wire-based systems and
added a single radio-frequency transmitter/receiver (Blu-
etooth, WiFi, Zigbee, cell-phone, etc.). However, as
explained above, this design strategy can lead to several
problems. Specifically, a single radio-frequency transmitter
has a limited data throughput, which may not be sufficient
for multi-channel, high-sampling-rate data monitoring. Fur-
thermore, wireless communication, using a single transmit-
ter, can be significantly affected or completely interrupted by
external electromagnetic interference, which may seriously
complicate patient management and outcomes in the emer-
gency settings. Any transmission errors, delay or interrup-
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tions in this situation may be life-threatening and lead to
delayed or inappropriate medical response. This problem
becomes even more difficult when the distance between the
wireless radio transmitter and receiver changes during the
transmission (for example, when the patient is being trans-
ported between two different procedure rooms, while the
data are being transmitted wirelessly to a “control room”
where physicians/nurses monitor the data in real time).

SUMMARY OF THE INVENTION

[0018] This invention provides a way to use a single
system for patient monitoring during various interventional
procedures (including X-ray and MR-guided procedures),
eliminating the need for multiple detachments/re-attach-
ments of various monitoring systems when patient is moved
from one room/procedure to another. In particular, the
system of present invention enables high-fidelity, wireless,
multisensor monitoring in diagnostic suites (e.g., interven-
tional cardiology suite), treatment units (e.g., intensive care
unit), as well as during patient transportation between dif-
ferent procedures, units, hospitals and clinics. To achieve
reliable, real-time transmission of large volumes of data, the
invention employs at least one and preferably at least two
wireless transmitters.

[0019] As explained above, powerful electromagnetic
interference generated by the MR-imaging systems contami-
nates physiological signals and generates the need for data
filtering. In particular, filtering is required to remove GMF-
interference, whose frequency spectrum often overlaps with
that of the ECG signals and whose magnitude is several-fold
higher than that of the ECG signals.

[0020] Because the system of present invention is mobile
and wireless, it does not have any physical connections with
the MR-scanner or its control equipment, which are com-
monly used as a source of information about MR-gradients.
Instead, the system of this invention utilizes the electrodes,
associated cables/electronic circuitry, and body of a moni-
tored subject as a receiving antenna and circuitry for detect-
ing, filtering and analyzing features and patterns of electro-
magnetic interference. In particular, the system of present
invention separates GMF-interference from physiological
signals, using a priori information (criteria) about differ-
ences of these signals’ characteristics. These include differ-
ences in time-domain features (e.g., amplitude, derivatives,
area, integral and waveform patterns) and frequency-domain
features (dominant frequency and frequency range). The
criteria are adjusted using the measurements performed at
different distances from the magnet (i.e., at different
strengths of magnetic field) in the presence and/or absence
of working MR-gradients, as detailed in the Description of
the Preferred Embodiments.

[0021] The system of present invention also reconstructs
physiological signals in the presence of strong MHE, using
the measurements performed at different distances from the
magnet (i.e., at different strengths of magnetic field), and
changes in blood flow and blood pressure, which affect the
magnitude of MHE.

[0022] To summarize, the system of present invention
includes the following innovative features:

[0023] 1. Multiple filterbanks (filtering procedures) for
recording both diagnostic-quality (broad-band) signals
in the absence of EMI and filtered-out (narrow-band)
signals in the presence of EMI, with subsequent recon-
struction of diagnostic-quality signals from the filter-
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out signals using the transfer matrices (reconstruction
coefficients) obtained and/or fine-tuned at the initial
(calibration) stages of data recording.

[0024] II. Filtering of EMI (in particular, GMF-inter-
ference), using a priori information (criteria) about
differences between the GMF and physiological sig-
nals’ characteristics. The criteria are adjusted using the
measurements performed at different distances from
the magnet (i.e., at different strengths of magnetic field)
in the presence and/or absence of working MR-gradi-
ents,

[0025] III. Filtering of the magneto-hydrodynamic
effect, using the physiological measurements at differ-
ent distances from the magnet (i.c., at different
strengths of magpetic field), and changes in blood flow
and blood pressure, which affect the magnitude of
MHE.

[0026] IV. At least one and preferably multiple wireless
transmitters for increasing reliability and speed
(throughput) of the wireless data transmission, which is
critically important for large volumes of continuous,
multichannel data.

[0027] One important aspect of this invention is mounting
(linking/connecting) a wireless antenna to a movable/
wheeled patient table (herein, the terms patient table, bed,
and procedure table are used interchangeably) to enable
reliable wireless data transmission at different locations of
the patient table and during its movement in the course of
various procedures, as well as between different procedures
and/or rooms. An important aspect of this invention is the
positioning of at least one antenna connected to a wireless
transmitter and at least one antenna connected to a wireless
receiver (herein referred to as the first and second antenna,
respectively) to provide a free (unobstructed) plane (space)
for substantially continuous wireless communication
between the two antennas at various positions of the patient
table and during table movement.

[0028] The wireless system of this invention, which pro-
vides monitoring of health data of an individual lying on a
movable/wheeled patient table, includes:

[0029] at least one acquisition module with at least one
sensor adapted to be placed on an individual’s skin for
collecting at least one physiological signal by substan-
tially continuous monitoring of said individual’s health
data, and at least one wireless transmitter for substan-
tially continuous transmission of said at least one
physiological signal; and

[0030] at least one wireless transmitter having at least
one first antenna linked to said patient table to receive
said at least one physiological signal from said acqui-
sition module and transmitting said signal substantially
continuously from various locations and during move-
ment of the patient table and said individual,

[0031] wherein said at least one first antenna is posi-
tioned to provide substantially unobstructed communi-
cation to at least one second antenna on a receiver
regardless of the location of said patient table and the
movement of medical personnel around said table.

[0032] An important aspect of this invention is adapting
digital signal processing (DSP) operations based on the
properties of EMI and cardiac-activity waveforms as
described below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] A full understanding of the invention can be gained
from the following description of the preferred embodiments
when read in conjunction with the accompanying drawings
in which:

[0034] FIG. 1 is a block-diagram of an embodiment of the
system architecture that includes a data-acquisition module
(unit), a wireless communication (transmission) module, a
filtering and conditioning module, and an optional analysis
module. Note that all these modules are integrated into a
single compact, mobile unit.

[0035] FIG. 2 is an example of an ECG signal (Lead II)
recorded in a human subject outside an MR-scanner.

[0036] FIG. 3 is the time derivative of the ECG signal in
FIG. 2.
[0037] FIG. 4 is an example of GMF-interference in

electrophysiological recordings obtained during a short-TE/
TR pulse sequence, which is commonly used in the inter-
ventional cardiovascular MRI. The raw, unamplified signal
was recorded using surface ECG electrodes, which were
attached to a precordial chest region (corresponding to the
ECG lead II position).

[0038] FIG. 5 is the time derivative of the GMF-interfer-
ence signal in FIG. 4.

[0039] FIG. 6 is a block-diagram of the system configu-
ration with two switchable filterbanks. The filterbanks are
selected using a mechanical, electronic or programmable
switch.

[0040] FIG. 7 is a block-diagram of the system configu-
ration with two parallel filterbanks; all data channels are
filtered through two different filterbanks. This configuration
doubles the number of data channels, because the two
filterbanks produce two parallel data streams that are passed
to the Signal Processing Circuitry (50).

[0041] FIG. 8 is a block-diagram of the system configu-
ration with an MR-gradient detector (60), which receives the
signals from the Mating Cable Connector (30) and passes
the GMF-detection information to the Signal Processing
Circuitry (50).

[0042] FIG. 9 is a block-diagram of the system configu-
ration with an MR-gradient detector (60), which receives the
signals from the Mating Cable Connector (30) and passes
the GMF-detection information to the Processing Filterbank
Module (40).

[0043] FIG. 10 is a block-diagram of the system configu-
ration with an MR-gradient detector (60), which receives the
signals from the Filterbank T and passes the GMF-detection
information to the Signal Processing Circuitry (50).

[0044] FIG. 11 is a block-diagram of the system configu-
ration, which includes a Preprocessing Filterbank Module
(70) with Filterbank P1 and Filterbank PO.

[0045] FIG. 12 is an example of a raw (unamplified and
unfiltered) signal that was recorded using surface ECG
electrodes (corresponding to the ECG lead II). The MR-
scanning was initiated, approximately, 4 sec after the begin-
ning of the recording and was associated with a large-
amplitude GMF-interference.

[0046] FIG. 13 shows application of a bitwise “shift-left”
operation to the signal in FIG. 12. The amplitude of the
GMF-interference decreased approximately 50-fold.

[0047] FIG. 14 shows application of subsequent band-pass
filtering (the 4™ order, band-pass Butterworth filter with a
1-60 Hz pass-band) applied after the bitwise “shift-left”
operation in FIG. 13.
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[0048] FIG. 15 shows application of the same band-pass
filtering as in FIG. 14, which was applied to the original
signal (i.e., bypassing bitwise shift operation shown in FIG.
13). Note that the low-amplitude signals are identical during
the first 4 sec of the recordings (before the MR-scan).
However, during the MR-scan, the two-step conditioning
procedure described above (FIGS. 13 and 14) provides
substantially cleaner signal (i.e., smaller interference). as
compared with a simple band-pass filtering shown in FIG.
15.

[0049] FIG. 16 is an example of clean, diagnostic ECG
signal (Lead II) recorded outside the magnet bore.

[0050] FIG. 17 is the signal in the same ECG lead after the
subject was moved inside the magnet bore; changes in the
signal are caused by the Magneto-hydrodynamic effect
(MHE).

[0051] FIG. 18 shows the cardiac complexes that were
reconstructed, using the MHE-ECG and the processing steps
described in section “4. FILTERING GMF AND MAG-
NETO-HYDRODYNAMIC EFFECTS USING SIGNAL
RECONSTRUCTION™.

[0052] FIG. 19 is an average reconstructed ECG complex.

[0053] FIG. 20 shows reconstructed ECG complexes
(solid lines) superimposed on the range of variations in
measured ECG complexes (dashed lines).

[0054] FIG. 21 is a block-diagram of a system’s embodi-
ment with two data-acquisition and/or processing modules,
as well as data-synchronization unit/interface.

[0055] FIG. 22 is a block-diagram of a system’s embodi-
ment with two radio transmitters, which transmit data con-
currently using two different frequency ranges to prevent

data loss in case that one of the transmission frequencies
fails.

[0056] FIG. 23 shows a wireless antenna mount (1); a
data-acquisition and wireless transmission unit of this inven-
tion (2) is attached to a mobile patient table (3) using a
c-clamp (4). The wireless antenna (5) is attached to the
antenna mount using a series of mounting hooks (6),
c-clamps, or Velcro straps. Unit (2) transmits data wirelessly,
using the transmitting antenna (5), to a receiving wireless
antenna (7), which is mounted on the ceiling to provide
substantially unimpeded wireless transmission for various
locations of the patient table. The receiving antenna is
connected to a wireless receiver unit (8), which can be
located in the same room or in a different room. The wireless
receiver unit can also include processing, analysis and
display of the received physiological signals.

[0057] FIG. 24 shows a freestanding wireless antenna
mount (1), which has its own stand on wheels. The data-
acquisition and wireless-transmission unit (module) of this
invention (2) is attached to a patient table (3) using a
c-clamp or mounting device (not shown). The wireless
antenna (5) is attached to the antenna mount using a series
of mounting hooks (6), c-clamps, or Velcro straps. Unit (2)
transmits data wirelessly, using the transmitting antenna (5),
to a receiving wireless antenna (7), which is mounted on the
ceiling to provide substantially unimpeded wireless trans-
mission for various locations of the patient table. The
receiving antenna is connected to a wireless receiver unit
(8), which can be located in the same room or in a different
room. The wireless receiver unit can also include process-
ing, analysis and display of the received physiological
signals.
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[0058] FIG. 25 shows a wireless antenna mount (1)
mounted on an intravenous (IV) infusion pole (1), which can
also be used for hanging I'V fluid bags. The data-acquisition
and wireless-transmission unit of this invention (2) is
attached to a patient table (3) using a c-clamp or mounting
device (not shown). The wireless antenna (5) is attached to
the antenna mount using a series of mounting hooks (6),
c-clamps, or Velcro straps. Unit (2) transmits data wirelessly,
using the transmitting antenna (5), to a receiving wireless
antenna (7), which is mounted on the ceiling to provide
substantially unimpeded wireless transmission for various
locations of the patient table. The receiving antenna is
connected to a wireless receiver unit (8), which can be
located in the same room or in a different room. The wireless
receiver unit can also include processing, analysis and
display of the received physiological signals.

[0059] FIG. 26 is a flowchart of an adaptive DSP module
performing tracking of cardiac activity (ECG QRS com-
plexes).

[0060] FIG. 27 is a flowchart of an adaptive DSP module
performing EMI filtering.

[0061] FIG. 28 shows an example of 12-lead ECG during
real-time cardiovascular MR scanning (2-dimensional
steady-state free precession, SSFP pulse sequence) with ~4
ms time-to-repeat (TR) and ~2 ms time-to-echo (TE). The
EMI filtering is OFFE. Note that the scanner produced GMF-
generated high-frequency EMI spikes, which completely
obscure ECG activity in most ECG leads.

[0062] FIG. 29 shows the 12-lead ECG from FIG. 28 with
the EMI filtering ON. The EMI filtering was performed
using the following parameters: base EMI channel=10,
EMI-peak amplitude: 0.5 of the total signal range, EMI-peak
separation: 60, EMI-clearance window around the EMI
peak: from -60 to 50 ms, base channel=10, QRS peak
amplitude: 0.8 of the total range, peak-to-peak separation:
100 ms, pivot window around the QRS complex: from -30
to 40 ms. Note that the EMI spikes were successfully filtered
from the ECG signals with minimal changes in the QRS
complexes (which are marked by triangles).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Signal Filtering and Reconstruction in the Presence
of Electromagnetic Interference

[0063] The system of the present invention utilizes at least
one of the following approaches implemented using DSP
and/or analog electronics:

[0064] I. MR-Gradient Detector

[0065] In most pulse sequences employed in modern MR-
scans, MR-gradients generate voltages with magnitudes and
derivatives, which are substantially higher than those of
electrophysiological signals (e.g., ECG, EEG, EMG). FIGS.
2 and 3 shows an example of an ECG signal and its time
derivative, respectively; the ECG was recorded in a human
subject before an MM-scan. The ECG signal has the maxi-
mum range of, approximately, 1 mV and the range of the
derivative is, approximately, 0.04 mV/ms.

[0066] FIG. 4 shows an example of GMF-interference in
electrophysiological recordings obtained during a short-TE/
TR pulse sequence, which is commonly used in the inter-
ventional cardiovascular MM. The signal was recorded
using surface ECG electrodes, which were attached to a
precordial chest region (corresponding to the ECG lead 11
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position). FIG. 5 shows the time derivative of the GMF-
interference signal in FIG. 4. Because the magnitude of
GMF and its time derivative are several orders of magnitude
greater than those of ECG signals, its magnitude and time-
derivative are used by the GMF-detector to discriminate
between the GMF and physiological (e.g, ECG, EEG, EMG)
signals. The threshold values can be set constant or adapted
(adjusted, fine-tuned, optimized) automatically or manually,
using the ECG signals obtained before the MR-scan. In
addition, the dominant frequency of the GMF-signals (=80
Hz) is usually higher than the dominant frequency of the
ECG signals (approximately, 30-60 Hz). Equivalently, the
rise-time of the GMF-signals is shorter than that for the ECG
signals. Therefore, in different configurations of a method of
this invention, the GMF-detector also utilizes signal’s domi-
nant frequency, rise-time, absolute magnitude (range) and/or
its time derivatives (e.g., 1" and 2" derivatives), waveform
pattern, as well as other signal characteristics.

[0067] II. Filtering GMF Using Parallel Filterbanks
[0068] The system of present invention employs at least
two banks of filters (Filterbanks) or DSP filtering proce-
dures, which are selected using a mechanical, electronic or
software-controlled (programmable) switch. Filterbank I
allows recording of the “gold-standard”, diagnostic quality
physiological signals, using the settings specified in the
appropriate performance standards (e.g., diagnostic ECG
signals using a frequency band of 0.05-250 Hz, as specified
in the ANSI/AAMI EC11:1991/(R)2007 “Diagnostic elec-
trocardiographic devices”). However, Filterbank 1 cannot
effectively filter out GMF-interference, which often overlaps
with the spectrum of the ECG signals, and Filterbank 1 is
designed for filtering out the GMF (e.g., using a low-pass,
8-th order Butterworth filter with a 40-Hz 3 dB cutoff
frequency). Filterbank II, however, does not provide the
bandwidth required for the diagnostic ECG evaluation of the
cardiac waveforms (e.g., changes in the ST-segment and
T-wave).

[0069] Block-diagrams of several configurations of a
medical device of this invention with different types of
arrangement of the Filterbanks and GMF-detector are shown
in FIG. 6-10.

[0070] The switchable Fiterbanks allow clinicians to use a
single monitoring system for various procedures with dif-
ferent levels of electromagnetic interference (EMI). For
example, Filterbank I can be used to obtain diagnostic ECG
in the environments with relatively low levels of EMI, for
example, during the course of X-ray guided cardiovascular
procedures, patient transportation, as well as bed-side moni-
toring. Switching from Filterbank I to Filterbank II allows
uninterrupted data monitoring in the environments with a
high level of EMI, such as MR-imaging.

[0071] In addition, switchable Filterbanks are useful for
efficient filtering and reconstruction of physiological signals,
as described below.

[0072] III. Filtering GMF Using Time-Domain GMF Fea-
tures
[0073] Because GMF-interference is several-orders-of-

magnitude greater than the cardiac electrical activity, it may
cause saturation of amplifiers and/or filters in the monitoring
systems’ electronic circuitry.

[0074] The utility of frequency-domain filtering of GMFE-
interference is limited by an overlap between the frequency
ranges of physiological signals (e.g., ECG has a frequency
range of 0.05-250 Hz) and GMF-interference (80-1000 Hz).
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In addition, the amplitude and derivative of GMF-signal is
several orders of magnitude greater than those for physi-
ological signals, and with respect to the low-amplitude/
derivative physiological signals, it can be approximated by
Dirac delta or Heaviside step function (the integral of the
delta function). The frequency power spectrum of the delta
function has a constant amplitude and broad distribution
(spans all frequencies). Therefore, time-domain approaches
implemented in DSP and/or analog electronics are beneficial
for filtering GMF-signals, as shown below. They include
bitwise operations combined with voltage division and/or
multiplication, pattern recoguition, template matching and
wavelet-based filtering tailored to characteristics and/or pat-
terns of the GMF-signals.

[0075] In one embodiment of the present invention, volt-
age division is applied to the “raw”, unfiltered signals as the
first, pre-processing step, in order to prevent amplifiers’
saturation (FIG. 11). This pre-processing step is required for
data collection during MR-scan using Filterbank I (see
above). The system of present invention includes a set of two
pre-processing filterbanks or filtering procedures (Filterbank
P1 and Filterbank PO) that can be switched using an elec-
tronic, mechanical or software-controlled (programmable)
switch. Filterbank P1 includes voltage-dividing resistors,
whereas Filterbank PO includes only “zero-Ohm” resistors
or simple wires. When Filterbank P1 is switched on, the
signals undergo voltage division, which is usually associated
with increased amount of signal’s noise, which can be
filtered, using analog or programmable filters.

[0076] This signal conditioning using bitwise operations
includes the following operations:

[0077] A. To filter out GMF-signal, the most significant
bits are discarded, because the high-amplitude GME-
signal is predominantly contained in the most signifi-
cant bits. This is achieved using a bitwise “shift-left”
operation (which is analogous to voltage multiplica-
tion) and discarding the “upper-most” (most signifi-
cant) bits. In one embodiment of the present invention,
this operation is implemented using a DSP. In another
embodiment it is implemented using an amplifier (or a
charge-pump) to multiply the signal, a comparator for
checking the resulting voltage, an operational amplifier
for subtracting the part of the signal that exceeds a
certain threshold, and an analog-to-digital (A/D) con-
verter. In a third embodiment, it is implemented using
and A/D converter with serial control (e.g., Texas
Instruments TLC2543C, TLC25431, or TLC2543M),
in which the upper-most bits are discarded.

[0078] B. Similarly, to extract a “clean” GMF-signal,
the least-significant (right-most) bits are discarded.
This is achieved using a bitwise “shift-right” operation
(analogous to voltage division). In different embodi-
ments of the present invention, this operation is imple-
mented using a DSP, an A/D converter with serial
control (e.g., Texas Instruments TLC2543C,
TLC25431, or TLC2543M), in which the least-signifi-
cant bits are discarded) or analog circuitry (utilizing
resistors or charge pumps for voltage division), as
described above. Subtracting the resulting “clean”
GMF-signal from the original (“raw”) signals produces
a “clean” physiological (ECG) signal and vice versa.

[0079] C. Filtering procedures (low-pass, high-pass,
notch or band-pass) are applied to the output signal
obtained after the bit-shift operation above.
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[0080] FIG. 12-15 show application of this procedure for
filtering of GMF-interference from electrophysiological
recordings obtained during real-time Steady-state, Free-
precession (SSFP) pulse sequence with short “Time-to-
repeat” (TR=2.44-2.7 ms) and “Time-to-echo” (TE=1.22-1.
35 ms), which are commonly used in the interventional
cardiovascular MM. The raw (unamplified and unfiltered)
signal shown in FIG. 12 was recorded using surface ECG
electrodes, which were attached to a precordial chest region
(corresponding to the ECG lead II position). The MR-
scanning was initiated, approximately, 4 sec after the begin-
ning of the recording and was associated with a large-
amplitude GMF-interference. A  bitwise “shift-left”
operation decreased the amplitude of the GMF-interference
approximately 50-fold (FIG. 13), but did not affect the
low-amplitude patterns, which were represented in the least-
significant (“rightmost™) bits. FIG. 14 shows application of
subsequent band-pass filtering (the 4” order, band-pass
Butterworth filter with a 1-60 Hz pass-band) applied after
the bitwise “shift-left” operation, whereas FIG. 15 shows
application of the same band-pass filtering procedure
applied to the original signal (i.e., without prior bitwise shift
operation). Note that the low-amplitude signals are identical
during the first 4 sec of the recordings (before the MR-scan).
However, during the MR-scan, the two-step conditioning
procedure described above (FIG. 14) provides substantially
cleaner signal (i.e., smaller interference), as compared with
a simple band-pass filtering (FIG. 15).

[0081] IV. Filtering GMF and Magneto-Hydrodynamic
Effects Using Signal Reconstruction

[0082] Filtering GMF-interference and reconstructing
ECG waveforms (or other physiological signals) includes
the following steps (and their variations):

[0083] A. To obtain “clean”, diagnostic ECG signals, a
diagnostic ECG is recorded using Filterbank 1 outside
the MR-magnet bore.

[0084] B. Keeping subject’s position and the distance
from the MR-magnet unchanged, a second (non-diag-
nostic) ECG is recorded using Filterbank II.

[0085] C. For each ECG lead, patient-specific transfer
coeflicients b are computed between the diagnostic
ECG signal (waveform), y, recorded in section A. (#1)
and the corresponding non-diagnostic ECG signal, X,
recorded in section B. (#2), as a solution to a linear
regression problem. Specifically, for each ECG-lead,
y=Xb+e, where b are the regression weights or coeffi-
cients that need to be determined and e are measure-
ment errors. Omitting the measurement errors e in
order to find an approximate form of the solution:

b=(XTX) ATy,

[0086] where X” denotes X transposed. The two
signals (waveforms), X and y, are synchronized
using the fiducial points (e.g., the ECG R-peak) or
maximum cross-correlation between the two signals.
This method works reasonably accurately when the
measurement errors e are small and can be neglected.
[0087] However, in a real-life setting, the measure-

ment errors e are relatively large, and the mea-
sured signal often contains significant amount of
noise. To minimize the magnitude of noise, the
present invention utilizes truncated singular value
decomposition (SVD), of a square matrix XX,
which is constructed from the measured signal, X,
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as a time-aligned series of physiological events
(e.g., using the R-peaks of consecutive cardiac
complexes in the ECG signal), and X7 denotes X
transposed. The SVD is equivalent to the Principal
Component  Analysis and Karhunen-Loeve
decomposition, which represent linear orthogonal
decompositions, in which the basis vectors (eigen-
vectors ot eigenfunctions) with the smallest
weights (eigenvalues) are truncated. The trunca-
tion is based on the idea that the eigenvectors
associated with the largest eigenvalues correspond
to the measured signal, whereas those associated
with small eigenvalues correspond to measure-
ment noise. (Shusterman U.S. Pat. Nos. 8,388,
530; 7,801,591 and 7,485,095; Odille et al. Noise
Cancellation Signal Processing Method and Com-
puter System for Improved Real-Time Electrocar-
diogram Artifact Correction During MRI Data
Acquisition. IEEE Transactions on Biomedical
Engineering, Vol 54, No. 4 pp 630-40 (April
2007).

X=X L =(Us ) X =(ra UD A~ (7571 UT)
XT

[0088] where X” is the transpose of X and 3 is the
truncated SVD of the diagonal matrix 2 of singular
values (eigenvalues), in which the singular values
that are less than a certain threshold are set to zero,
reducing the rank of the associated matrix (VE-U7),
which yields the following estimate of the regression
coeflicients:

~(VE UOTY

[0089] The properties of this linear orthogonal trans-
form are well established. In particular, it is known
that the transform provides a least-squares solution
using the smallest number of the basis vectors asso-
ciated with the largest eigenvalues. (Shusterman
U.S. Pat. Nos. 8,388,530; 7,801.591 and 7,485,095).
This procedure is similar to signal averaging, which
is also used to reduce the impact of noise in the
method of present invention.

[0090] D. The patient is moved inside the MR-magnet
bore, and the signals (e.g., ECG, EEG, EMG, blood
pressure, pulse oximetry) are recorded using Filterbank
1. The signals are affected by the magneto-hydrody-
namic effect [MHE] due to the circulation of magne-
tized blood in subject’s body. These signals are referred
to as the MHE-ECG, MHE-EEG, MHE-EMG, MHE-
pressure, etc.

[0091] E. Keeping the patient position unchanged inside
the MR-magnet bore, the signals are recorded using
Filterbank II.

[0092] F. A patient-specific transfer matrix is con-
structed between the signals recorded in #4 and #5
above. The two signals (waveforms) are synchronized
using the fiducial points (e.g., the ECG R-peak) or
maximum cross-correlation between the two signals, as
described above. For each ECG lead, patient-specific
transfer coeflicients are calculated between the diag-
nostic ECG signal recorded in section A. (#1) and the
corresponding non-diagnostic ECG signal recorded in
section B. (#2), using linear regression and truncated
SVD, as described above (see section C. [#3]).
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[0093] G. During the MR-scan, Filterbank II is used to
filter out interference generated by the MR-gradients in
real time. Then the diagnostic MHE-ECG is recon-
structed using the patient-specific transfer matrix as
described in section F. (#6) above. To evaluate recon-
struction accuracy, the reconstructed MHE-signals are
compared with those recorded using Filterbank T in the
absence of MR-gradients (when the scanning is not
performed), as described in section D. (#4) above,
using cross-correlation and/or other statistical metrics.
[0094] If the reconstruction accuracy is not suffi-

ciently high, the process of computing the transfer
matrix X* is treated as a minimization problem, with
the goal (objective function) of minimizing the dif-
ference (and/or maximizing cross-correlation)
between the two signals, using at least one method
selected from optimization algorithms. The optimi-
zation methods include simplex algorithm, iterative
methods (e.g., Newton’s method and quasi-Newton
method, finite-difference method and other methods
of approximation theory and numerical analysis,
methods that evaluate gradients using finite differ-
ences, sequential quadratic programming, approxi-
mate Hessians, gradient descent or steepest descent
methods, ellipsoid method, simultaneous perturba-
tion stochastic approximation, interpolation methods
and global convergence methods) and heuristic algo-
rithms (e.g., memetic algorithm, differential evolu-
tion, differential search, dynamic relaxation, genetic
algorithms, Hill climbing, Nelder-Mead algorithm,
reactive search optimization).

[0095] H. To reconstruct a “clean” (free of MHE)
diagnostic ECG, the reconstructed signals described in
section G. (#7) above are multiplied by the correspond-
ing transfer matrix described in section C. (#3) above.
The reconstruction accuracy is evaluated by comparing
reconstructed diagnostic, “clean” signals with those
measured directly (see #1 above), using the cross-
correlation and/or other statistical metrics. If the recon-
struction accuracy is not sufficiently high, the process
of computing the transfer matrix X* is treated as a
minimization problem, with the goal (objective func-
tion) of minimizing the difference (and/or maximizing
the cross-correlation) between the two signals, using at
least one method described in section G. (#7) above.

[0096] FIG. 16-20—illustrate the processing steps
described above. FIG. 16 shows an example of clean,
diagnostic ECG signal (Lead II) recorded outside the magnet
bore. FIG. 17 shows the ECG signal in the same lead after
the subject was moved inside the magnet bore; changes in
the signal are caused by the MHE. FIG. 18 shows the cardiac
complexes that were reconstructed, using the MHE-ECG
and the processing steps described above. FIG. 19 shows an
average reconstructed ECG complex. To compare measured
and reconstructed ECG complexes, FIG. 20 shows recon-
structed ECG complexes (solid lines) superimposed on the
range of variations in measured ECG complexes (dashed
lines).

[0097] The magnitude of MHE may change due to
changes in blood pressure, arterial pressure wave, blood
volume or blood flow. To track changes in these parameters,
the system of present invention uses at least one measure-
ment selected from the MR-based measurements of blood
flow, arterial pressure waves and/or blood volume, intra-
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arterial blood pressure, intra-cardiac blood pressure, venous
blood pressure, noninvasively measured blood pressure,
arterial and/or intra-cardiac pressure waves measured by
photoplethysmography, plethysmography, electrical imped-
ance, pulse oximetry, accelerometry, acoustic waves, ultra-
sound, infrared and other optical, mechanical and electrical
signals obtained from subject’s body.

[0098] If significant changes in these signals are detected,
the transfer matrix X* is further adjusted, using at least one
of the following methods:

[0099] A. The patient is moved out of the MR-magnet
bore, and a clean (free of MHE), diagnostic ECG is
recorded; a new transfer matrix X* is obtained as
described above (see #3).

[0100] B. The patient remains inside the magnet bore of
the MR-scanner, while the transfer matrix X* is
adjusted using statistical relationships between the
changes in blood pressure/flow and MHE. The statis-
tical relationships are obtained from an individual
subject’s data and/or a group (population) of subjects.

[0101] The reconstruction process described above may
lead to inaccurate results if the shape of the ECG waveforms
deviates from the dominant waveforms, which have been
used for computing the transfer matrix X*. Because the
dominant ECG waveform in most subjects originates from
the sinus node (i.e., sinus beats), the transfer matrix X* is
based on the sinus beats in most subjects. This transfer
matrix may not be accurate for reconstructing ectopic beats
(e.g., premature atrial complexes, PACs, and premature
ventricular complexes, PVCs). The system of present inven-
tion allows users to display and compare both unrecon-
structed and reconstructed signals, as they are received. It
also allows viewing and comparing newly received data
with templates (waveforms, patterns) obtained from mul-
tiple, averaged or median cardiac beats/complexes (e.g.,
sinus beats, PVC, PAC).

Optimized Wireless Data Transmission

[0102] This invention provides a novel and efficient way
to obviate the limits of data-transmission-rate (speed) of
wireless communication, as well as its inherent vulnerability
to transmission losses, delays and complete interruptions,
which create significant technical difficulties for the devel-
opment of multichannel, wireless monitoring systems. It
provides fast and reliable data transmission for multiple data
channels in real time, using the following improvements:

[0103] 1. Parallel Transmission of Multiple Channels and/
or Groups of Channels Using Several Wireless Transmitters

[0104]

[0105] a. utilizing a modular system architecture with
the same or similar data-acquisition and processing
modules and a wireless transmitter/receiver on each
module (or associated with each module),

[0106] b. distributing wireless communication between
the wireless transmitter/receiver associated with differ-
ent modules (instead of a single transmitter/receiver,
which is traditionally used in wireless systems as a
wireless alternative to a cable transmission), and

[0107] c. synchronizing the modules by passing syn-
chronization signals (i.e., time markers) to one (or
more) data channels of all (or some) modules.

The key elements of this invention include:
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Data Synchronization

[0108] Data received by different modules can be synchro-
nized by time markers (stamps), which include short-time,
discrete pulses or continuous waveforms (e.g., sinusoidal
waves with a constant frequency). The time markers can be
generated by one module and transmitted to other modules;
they can be also generated by a data-synchronization module
or a motherboard and transmitted to all modules. The time
markers are recorded by each Module into a separate data-
synchronization channel and transmitted wirelessly along
with other data-channels to the data-receiving station. The
software on the receiving station (e.g., computer/laptop/
smart phone) utilizes the time markers to synchronize the
data received from different modules. They synchronization
is achieved by time-aligning the time markers, as well as
simultaneously acquired data channels received from all
modules.

[0109] II. Wireless Transmission Using Multiple Trans-
mitters that Operate in Different Frequencies (Frequency
Ranges) to Prevent Transmission Loss/Failure

[0110] A medical device of this invention improves reli-
ability of wireless transmission (which may become unre-
liable in the presence of electromagnetic interference, elec-
tromagnetic shields or changing distance and position of the
transmitter relative to a receiver). Distribution of wireless
transmission into several independent data streams can
provide backup for potential failures in some of the wireless
transmission links.

[0111] FIG. 1 is a block-diagram of a preferred embodi-
ment of a medical device 100 of this invention. The device
consists of a data-acquisition 20 unit (herein, the terms unit,
module, circuitry, part, section are used interchangeably and
may refer to electronic hardware, firmware and software)
that may have several cables with electrodes 25 for attach-
ment to a subject (not shown) to receive ECG or other
physiological signals in real-time, a filtering and condition-
ing module 30, a wireless communication unit 40 (with
optional data synchronization unit/circuitry/firmware) and
an optional analysis unit 50. The acquisition unit receives
physiological signals through the electrodes 25 that are
connected to a subject. As used herein, subject means a
human or an animal.

[0112] Block-diagrams of several configurations of the
data-acquisition and filtering parts of a medical device of
this invention are shown in FIG. 6-10.

[0113] In FIG. 6, physiological signals are received
through cables/electrodes 25, which are attached to a subject
on one side and an input cable connector 20 on another side.
The input cable connector attaches to a medical device of
this invention through a mating cable connector 30, which
transmits the acquired signals to a processing filterbank
module 40. The filterbank module 40 consists of at least two
switchable filterbanks (Filterbank I and II), which are
selected using a mechanical, electronic or programmable
switch. The signals filtered through the selected filterbank
are passed to the signal processing circuitry 50 for further
processing and analysis.

[0114] FIG. 7 is a block-diagram of the system configu-
ration, which is similar to that in FIG. 6. However, in this
configuration the filterbanks in module 40 are configured to
provide parallel filtering, which doubles the number of data
channels that are passed to the signal processing circuitry 50.
The two parallel data streams are necessary for determining
the transfer function between the two data streams and
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reconstruction of diagnostic quality signals in the presence
of GMF-interference and MHE, as described in the Sum-
mary of the Invention (section 2. Filtering GMF using
parallel filterbanks.)

[0115] FIG. 8 shows a block-diagram of system configu-
ration, which is similar to that in FIG. 7 but also includes the
MR-gradient detector 60, which receives the signals from
the Mating Cable Connector 30 and passes the GMEF-
detection information (about the beginning and end of
GMF-events) to signal processing circuitry 50.

[0116] FIG. 9 is a block-diagram of the system configu-
ration, in which an GMF detector 60 passes the GMEF-
detection information to the processing filterbank module
40. This configuration allows programmable switching of
the filterbanks in module 40 at the time points of GMF-
detection based on the information received from the GMF-
detector 60. The programmable switching is, preferably,
implemented using digital signal processing, which provides
very short switching time.

[0117] When the level of GMF is very high a medical
device of this invention uses an MR-gradient detector 60,
which is connected to filterbank module 40, as shown in
FIG. 10, to prevent amplifiers’ saturation. To further
enhance filtering of powerful GMF-levels, a preprocessing
filterbank module 70 is incorporated as shown in FIG. 11.
Module 70 includes at least two filterbanks; filterbank P1
provides reduction of signal’s magnitude, whereas filterbank
PO passes signals through without any changes. The proce-
dures for reducing signal magnitude in filterbank P1 include
voltage division and bitwise operations, as described in the
Summary of the Invention (section 3. Filtering GMF using
bitwise operations, signal multiplication and division).
[0118] Configuration of a wireless communication unit of
a medical device of this invention, as well as data-synchro-
nization unit/interface, are shown in FIGS. 21 and 22. In
FIG. 21, each data acquisition module (module 10, module
20, etc.) has an associated wireless transmitter. Each module
provides data acquisition and/or processing for some of the
data channels, and has a wireless transmitter associated with
it (e.g., Bluetooth, WiFi or Zigbee). For example, Module #1
provides multi-channel acquisition of ECG data, whereas
Module #2 provides multi-channel acquisition of blood
pressure and pulse-oximetry data. For systems with a big
number of data channels (e.g., Cardiac Electrophysiology,
EMG or EEG monitoring systems), the number of modules
can be further increased, as required.

[0119] The wireless modules serve two purposes:

[0120] a. an interface for programming data-acquisition
parameters for each module (sampling rate, resolution,
number of channels, duration of data acquisition, and
data transmission mode [real-time transmission or
recording to each module’s memory card]), and

[0121] b. real-time data transmission to a receiving
station.
[0122] In this configuration, each module acquires and

transmits data via its associated wireless transmitter, pro-
ducing parallel data streams, which are aggregated, synchro-
nized, processed and displayed at the receiving station (not
shown). The modules are synchronized using a periodic
impulse and/or frequency signal (with known frequency
characteristics, e.g., a 1 kHz sine wave), which serve as time
markers. These time markers are generated by module 1 or
a separate data-synchronization module/interface 30 and
recorded to the reference-data channel of all modules, along
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with simultaneously acquired data channels. Because the
time markers are generated and recorded by each module
simultaneously with other data channels, the receiving sta-
tion synchronizes the data by time aligning the correspond-
ing time markers (as well as simultaneously acquired data
channels) in all modules.

[0123] FIG. 22 is a block-diagram of a system’s embodi-
ment with two radio transmitters, which transmit data using
two different frequency ranges to prevent data loss in case
that one of the transmission frequencies fails. In a preferred
embodiment of a medical device of this invention, the same
data are transmitted independently and concurrently by two
(or more) transmitters using two different transmission fre-
quencies (e.g., 2.4 and 5.2 GHz); this parallel transmission
ensures that the data will be received by at least one receiver
utilizing one of the transmission frequencies, even if the
second transmission link fails (FIG. 22).

[0124] In another configuration of a medical device of this
invention, wireless transmission includes intelligent, “on-
demand” re-routing of data from failed wireless links (trans-
mitters) to working ones. Examples of such wireless trans-
mitters include: (i) transmitters of the same type (e.g., two
Bluetooth transmitters), (ii) transmitters of different types
(e.g., Bluetooth and Wi-Fi), and (iii) transmitters of the same
type but with different transmission frequencies (e,g, Wi-Fi
operating on 2.4 and 5.2 GHz).

[0125] Wireless transmitters of the same type often share
the same transmission frequency range. For example, Blu-
etooth transmitters use ~2.4 GHz frequency range with
adaptive frequency hopping, which may create interference
between several Bluetooth radios transmitting data at the
same time. To obviate this problem, the Bluetooth transmis-
sion protocols in one configuration of a medical device of
this invention are adapted to the presence of other Bluetooth
transmitters by dividing the transmission spectrum, thus
avoiding interference between them.

[0126] FIG. 23 shows one embodiment of this invention in
which a wireless antenna mount (1) and a data-acquisition
and wireless-communication (transmission) module (2) are
attached to a mobile patient table (3) using a c-clamp (4) or
some other mounting device. A wireless antenna (5) con-
nected to module (2) is attached to the mounting pole (1)
using a series of hooks (6), c-clamps, or Velcro straps. The
mounting poles that can be used for mounting a wireless
antenna include a lighting holder arm, a lighting stand and
other types of stands.

[0127] Because the first antenna (5) stays with the patient
table as the table (and the patient) is being moved during a
procedure or between different procedure rooms, it provides
uninterrupted wireless communication during patient (and
patient-table) movement. The second antenna (7) is mounted
on the ceiling or on the wall; it extends at least six feet above
the floor to provide unimpeded communication with the first
antenna (5) during table movement as well as during the
movement of medical personnel and equipment around the
table (bed). Thus, in this embodiment, wireless communi-
cation between the two antennas is carried out in the space
(plane) at least six feet above the floor that is not affected by
patient-table, personnel, or equipment movement. The sec-
ond antenna (7) is connected to the receiving and processing
unit/module (8), which is located in the same room
(mounted on the ceiling or on the wall) or in another (e.g.,
adjacent) room.
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[0128] FIG. 24 shows an embodiment of this invention in
which a wireless antenna (5) is mounted on a freestanding
mounting pole (1) and is secured using a series of hooks (6),
whereas the data-acquisition and wireless-transmission unit
(2) is attached to the patient table (3). The receiving antenna
(7) is mounted to the ceiling or to the wall to provide
uninterrupted communication with the transmitting antenna
during various movemnent of the patient table and medical
personnel. The receiving antenna is connected to the wire-
less receiver and processing unit (8).

[0129] FIG. 25 shows an embodiment of this invention in
which a wireless antenna (5) is mounted on a freestanding
intravenous (IV) infusion pole, which may also hold a
hanging TV fluid bag (1), and is secured using a series of
hooks (6), whereas the data-collection and -transmitting unit
(2) is attached to the patient table (3). The receiving antenna
(7) is mounted to the ceiling or to the wall to provide
uninterrupted communication with the transmitting antenna
during various movemnent of the patient table and medical
personnel. The receiving antenna is connected to the wire-
less receiving and processing unit (8).

[0130] In one embodiment, the transmitting antenna
extends to at least six feet above the floor to provide
substantially unobstructed communication with at least one
receiving antenna, which is also positioned at least six feet
above the floor.

[0131] In one embodiment, the transmitting antenna is
located below patient level to provide substantially unob-
structed communication with at least one receiving antenna
located on the floor surface (below the patient). In one
embodiment, the frame of the patient table (bed) serves as a
transmitting antenna.

[0132] Inone embodiment, the transmitting antenna is fed
through (mounted inside) a hollow pole, which can be also
used for hanging [V fluid bags. In a preferred embodiment,
the pole is mounted (connected) to the patient table. The
antenna mount is attached to the patient table using, for
example, a c-clamp, and stays with the patient table as the
patient is moved during different procedures as well as
between different procedure rooms.

[0133] An important aspect of this invention is adaptive
filtering and signal conditioning implemented in a DSP
module/unit. The DSP operations are adapted to the prop-
erties of EMI and recorded data (physiological signals),
using:
[0134] adaptive selection (control) of the channel (sig-
nal) for EMI detection;

[0135] adaptive selection (control) of the detection
parameters (e.g., magnitude and duration of the EMI
peaks and the time interval between them), as described
below;

[0136] adaptive selection (control) of the channel (sig-
nal) for the detection of cardiac-activity waveforms
(e.g., ECG QRS complexes); and

[0137] adaptive selection (control) of the detection
parameters for cardiac-activity waveforms (e.g., mag-
nitude and duration of the ECG QRS complexes and
the time interval between adjacent QRS complexes).

The system of this invention provides means (tools, mecha-
nisms) for the channel selection and control (adaptation) of
the DSP operations described above. These control means
include at least one of the following tools:
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[0138] user-controlled mechanical or electrical
switches, adaptive software and firmware providing
user-controlled adaptation parameters described above;
and

[0139] automatic adaptation of the DSP operations
described above using programmable feedback/control
software and firmware based on the EMI and cardiac
waveform signals in different channels as described
below.

Adaptive EMI Filtering

[0140] An important aspect of this invention is the selec-
tion of the channel for the detection of EMI spikes/peaks/
artifacts (herein referred to as the “base-EMI channel”).
Similar to the cardiac-activity-waveform tracking described
below, the invention relies on the fact that the time of EMI
peaks is the same in all channels. Therefore, the time points
of occurrence of EMI peaks are determined in the base-EMI
channel first. Subsequently, the same time points are used for
tracking (and filtering EMI) in other channels.

[0141] The base-EMI channel is selected either by user
(user-guided selection) or by the system (unguided selec-
tion) based on automatically determined EMI signal char-
acteristics, such as the EMI-peak magnitude and/or signal-
to-noise ratio (SNR).

[0142] When the times of occurrence of EMI peaks have
been determined in the base-EMI channel, the EMI filtering
is performed in other channels (physiological signals),
using:

[0143] a. the times of the EMI peaks in the base-EMI
channel,
[0144] b. the duration of the EMI-filtering time window

(i.e., the time interval during which the EMI is removed
from all filtered channels), which can be selected either
by a user (user-guided selection) or by the system
(unguided selection) based on the automatically deter-
mined EMI signal properties (characteristics) in vari-
ous channels, such as the EMI-peak magnitude and
duration, and

[0145] c. the duration of the cardiac-activity-waveform-
protection time window (herein referred to as the pivot
window), during which EMI filtering is not performed
in order to protect essential features of the cardiac-
activity waveforms (e.g., ECG P, QRS, ST, and T
waves) from filtering.

The EMI-detection and -filtering parameters, including the
magnitude and derivative thresholds for detecting EMI
peaks, duration of the EMI-filtering window, and the pivot
window, are selected either by a user (user-guided selection)
or by the system (unguided selection) based on the EMI
signal properties, such as the magnitude and duration of EMI
peaks and the time interval between them.

Tracking Cardiac-Activity Waveforms

[0146] The filtering and conditioning module identifies
and tracks various forms of cardiovascular activity (e.g.,
ECG activity and its P, QRS, and T waves; ABP waveforms;
and pulse oximetry waveforms). The DSP module also
identifies and tracks EMI, e.g., GMF-generated spikes
(peaks), whose frequency spectrum may overlap with the
spectrum of QRS complexes. This overlap makes discrimi-
nation between the ECG QRS complexes (or other wave-
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forms of cardiovascular activity) and GMF-generated EMI
spikes technically challenging.

[0147] The filtering and conditioning module resolves this
technical challenge by enabling selection of the channel
(herein referred to as the “base channel”) that is used for
detection of cardiac-activity waveforms (e.g., ECG QRS
complexes) and calculation of associated physiological
parameters (e.g., heart rate or beat-to-beat intervals, duration
of the QRS complexes and/or QT intervals). The base
channel is selected either by a user (user-guided selection) or
by the system (unguided selection) based on automatically
determined cardiac-activity signal (waveform) characteris-
tics, such as the magnitude of ECG R-waves and/or their
SNR (where noise includes ambient noises and GMEF-
generated EMI).

[0148] The invention relies on the fact that the time of a
specific type of cardiac activity (e.g., ECG activity and its
QRS complex) is the same in all channels (i.e., in all ECG
leads). Therefore, it is possible to select a base channel, in
which cardiac activity (e.g., QRS complexes of high mag-
nitude and high SNR) are readily identifiable and EMI is
relatively small. Thereafter, this base channel is used for
detection and tracking of cardiac activity (e.g., QRS com-
plexes) and calculation of heart rate and other physiological
parameter (beat-to-beat intervals, ST-segment amplitude,
QT intervals, QRS duration, and T-wave amplitude). Once
the time points of occurrence of the ECG QRS complexes
have been determined in the base channel, the same time
points are used for detecting QRS complexes in other
channels. Some other examples of physiological signals that
can also be detected and tracked using the base channel
include ECG P waves and T waves, ABP waveforms, pulse
oximetry waveforms, and other cardiovascular parameters.
[0149] The cardiac-waveform (e.g., ECG QRS com-
plexes) detection parameters, including the magnitude and
derivative thresholds, the QRS duration, and the time inter-
val between adjacent QRS complexes, are selected either by
a user (user-guided selection) or by the system (unguided
selection) based on the properties of the cardiac waveforms,
such as the magnitude and duration of ECG QRS complexes
or other ECG waves, as well as their SNR. Averaging and
other forms of low-pass filtering are used to improve the
SNR.

[0150] The parameter selection may also include the prop-
erties of cardiac activity (e.g., the magnitude and duration of
ECG QRS complexes or other ECG waves, the time interval
between adjacent QRS complexes, as well as their SNR).
[0151] The filtering and conditioning module is imple-
mented in a microcontroller (e.g., Texas Instruments, MSP-
430), a microprocessor (e.g., Texas Instruments KEY-
STONE, ARM CORTEX, C6000, Intel CORE i7 or ATOM,
or an ATMEL ARM CORTEX processor), a field-program-
mable-gate-array (FPGA; e.g., Xilinx SPARTAN FPGA,
Xilinx VIRTEX FPGA, or Altera Cyclone FPGA), a com-
plex-programmable-logic device (CPLD), system-on-chip
(SOC), or a general-purpose personal computer (PC).
[0152] FIG. 26 shows a flowchart of one embodiment of
the adaptive DSP module performing tracking of cardiac
activity (ECG QRS complexes). FIG. 27 shows a flowchart
of one embodiment of the adaptive DSP module performing
EMI filtering. FIG. 28 shows an example of 12-lead ECG
recorded during cardiovascular MRI, using a 2D SSFP
sequence with ultra-short duty cycle (TR ~4 ms, TE ~2 ms).
Note that high-frequency EMI spikes completely obscure
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ECG QRS complexes when the EMI filtering is OFF. FIG.
29 shows the 12-lead ECG from FIG. 28 when the EMI
filtering is ON. Note that the EMI spikes were filtered from
the ECG signals with minimal distortion of the QRS com-
plexes.

Example 1. Cardiovascular Magnetic-Resonance
Imaging

[0153] Interventional MRI allows physicians to perform
minimally invasive and catheter-based diagnostic proce-
dures, providing high-quality images of internal organs,
without exposure to harmful ionizing radiation. [-MM
requires telemetry monitoring of patients’ vital signs; how-
ever, existing telemetry monitors have electromagnetic com-
patibility (EMC) issues: MRI equipment is affected by
electromagnetic interference (EMI) from telemetry systems,
and telemetry data are degraded by the EMI generated by the
MRI scanner. Commercial applications of the technology
are expected to be in all areas of I-MRI. Because I-MRI
enables physicians to perform minimally invasive proce-
dures, eliminating the need for more invasive and traumatic
procedures, its role in diagnostic evaluation is expected to
grow rapidly.

[0154] As the field and applications of I-MM continue to
grow and diversify, the need for wireless-telemetry moni-
toring of various physiological signals (multi-channel ECG,
blood pressure and pulse oximetry) is also expected to
follow. It is important, therefore, to develop a platform
technology that is not limited to a small number of signals/
channels, but has a sufficient number of channels and
functions to be utilized for various future applications.

[0155] One particularly important emerging area of I-MRI
is cardiovascular MR (CMR), which requires high-fidelity,
real-time monitoring of multi-channel ECG for timely detec-
tion of life-threatening arrhythmias (which can be induced
by cardiac catheterization) or the first signs of ischemic
changes in the ST-segment. The latter is essential for the
monitoring of patients with known or suspected coronary
artery disease undergoing an exercise stress-CMR.

[0156] However, currently available ECG telemetry sys-
tems are limited to a few channels of non-diagnostic-quality
ECG, which cannot provide accurate tracking of the ST-
segment’s amplitude and thus do not allow accurate and
timely detection of potentially life-threatening ischemic
events. Moreover, several telemetry units would be required
for wireless monitoring of ECG, oxygen saturation and ABP,
creating logistical difficulties for the medical personnel
performing interventional MR procedures.

[0157] In this hypothetical example, an interventional
CMR procedures is performed in a human subject, using a
medical device of this invention. First, 10 ECG cables (for
acquiring 12-lead ECG), two cables for monitoring blood
pressure using fluid filled pressure cables, a cable for moni-
toring noninvasive blood pressure and an fiber-optical cable
for monitoring pulse wave (pulse oximetry) are attached to
the subject. The first set of signals is acquired outside the
magnet bore providing an MHE-free reference data. The
second set of signals is acquired after the patient is moved
inside the magnet bore but before the scanning begins. This
set of signals contains MHE but not GMF-interference. The
third set of signals is acquired during the MR-scan, and this
set contains both MHE and GMF-interference. Applying
filtering and reconstructive procedures described in the
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Summary of Invention, diagnostic physiological signals are
reconstructed from those obtained during MR-scan.

[0158] Because the number of channels and their sampling
rate are relatively high, the data are transmitted in two
parallel data streams using two wireless transmitters. The
first transmitter transmits 8 ECG channels, whereas the
second transmits blood pressure and pulse oximetry chan-
nels. The data are time-stamped using time markers (peri-
odic impulses) that are recorded using a dedicated reference
channel in each data stream. These time markers are used by
the receiving station to synchronize the two data streams by
time-aligning the corresponding time markers.

[0159] The interventional CMR procedures often require
X-ray imaging as well. For this purpose, patient table is
quickly moved to an adjacent X-ray imaging room. Because
a medical device of this invention is wireless, it does not
restrict movement of the patient table and provides uninter-
rupted monitoring during the patient transportation from the
MR-room to X-ray room. To provide diagnostic quality
monitoring during X-ray (fluoroscopy) guided procedure
(which does not have a high-level GMF), Filterbank II is
switched to Filterbank I.

Example 2. MRI-Guided Cardiac Electrophysiology
Study

[0160] This hypothetical example describes application of
amedical device of this invention for the MR-guided cardiac
electrophysiology imaging. The monitoring procedure is
similar to that described in example 1. However, the system
configuration required for this time-critical setting is differ-
ent. First, the system uses two parallel data streams passed
through both Filterbanks [ and I1, to allow clinicians monitor
interchangeably or concurrently signals passed through both
filterbanks. Second, all data channels are transmitted at two
different frequencies (2.4 and 5.2 GHz), using two wireless
transmitters, to ensure uninterrupted transmission of all data
channels in this time-critical setting. This redundant trans-
mission ensures that the receiving station receives all the
data channels if one transmission frequency becomes
unavailable or experiences a transmission delay.

Example 3. Magnetic-Resonance Imaging of the
Brain

[0161] This hypothetical example describes application of
a medical device of this invention for high-resolution brain
imaging requires data recording from up to 100 channels
simultaneously, at a high sampling frequency. The monitor-
ing and setup procedures are similar to those described in
examples 1 and 2. However, because the number of moni-
toring channels is bigger, the system configuration is
expanded to include ten data acquisition modules with
associated wireless transmitters, which are time-synchro-
nized as described above.

[0162] Whereas particular aspects of the method of the
present invention and particular embodiments of the inven-
tion have been described for purposes of illustration, it will
be appreciated by those skilled in the art that numerous
variations of the details may be made without departing
from the invention as described in the appended claims.

1. A wireless system for monitoring health data of an
individual lying on a movable patient table, said system
including:
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at least one acquisition module with at least one sensor
adapted to be placed on an individual’s skin for col-
lecting at least one physiological signal by substantially
continuous monitoring of said individual’s health data,
and at least one wireless transmitter for substantially
continuous transmission of said at least one physiologi-
cal signal; and

at least one wireless transmitter having at least one first

antenna linked to said patient table to receive said at
least one physiological signal from said acquisition
module and transmitting said signal substantially con-
tinuously from various locations and during movement
of the patient table and said individual;

wherein said at least one first antenna is positioned to

provide substantially unobstructed communication to at
least one second antenna on a receiver regardless of the
location of said patient table and the movement of
medical personnel around said table.

2. A system as set forth in claim 1 in which said at least
one first antenna extends to at least six feet above the floor
to provide substantially unobstructed communication with
said at least one second antenna.

3. A system as set forth in claim 1 in which said at least
one first antenna is located below the patient level to provide
substantially unobstructed communication between said first
antenna and said at least one second antenna located on the
floor surface.

4. A system as set forth in claim 3 in which said at least
one first bidirectional antenna includes a metal frame in said
patient table.

5. A system as set forth in claim 1 in which said at least
one first antenna is mounted on at least one vertically
extending pole selected from a table-mounted pole and a
freestanding pole.

6. A system as set forth in claim 1 in which said at least
one first antenna is mounted inside at least one vertically
extending pole selected from a table-mounted pole and a
freestanding pole.

7. A system as set forth in claim 1 in which said at least
one first antenna includes at least one vertically extending
pole selected from a table-mounted pole and a freestanding
pole.

8. A system as set forth in claim 1 in which said wireless
transmitter includes at least one of Bluetooth, WiFi, ZigBee,
infrared, and other types of wireless transmitters.

9. A wireless system for monitoring health data of an
individual, said system including:

at least one acquisition module with at least one sensor

adapted to be placed on the skin of an individual lying
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on a movable table for collecting at least one physi-
ological signal by substantially continuous monitoring
of said individual’s health data,

at least one wireless transmitter for substantially continu-
ous transmission of said data with said transmitter
having at least one first antenna linked to said movable
table;

at least one wireless receiver having at least one second
antenna for receiving said data substantially continu-
ously from said wireless transmitter; and

at least one EMI filtering and conditioning module with
adaptation of filtering and detection parameters based
on the properties of EMI, wherein said filtering and
detection parameters include channel selection for
detecting EMI, channel selection for detecting cardiac-
activity waveforms, time window selection for EMI
filtering, selection of a pivot time window for disabling
EMI filtering to protect essential features of the car-
diac-activity waveforms, and EMI-detection param-
eters, including EMI magnitude, derivative, and time
window between the EMI peaks.

10. A wireless system as set forth in claim 9, which
includes at least one manual control for user guidance of at
least one said filtering and detection parameter.

11. A wireless system as set forth in claim 9, which
includes at least one automatically adapted parameter for
EMI filtering and cardiac-activity waveform tracking.

12. A method for monitoring health data of an individual
lying on a movable table, comprising substantially continu-
ously collecting said health data and wirelessly transmitting
said data with an antenna linked to said movable table and
adapted to transmit the signal wirelessly from various loca-
tions and during movement of the patient table and said
individual, and which further includes adaptive EMI filter-
ing with at least one adaptation of the EMI filtering and
cardiac-waveform tracking based on the properties of EMI,
wherein said adaptation includes channel selection for
detecting EMI, channel selection for detecting cardiac-
activity waveforms, time window selection for EMI filter-
ing, and selection of a pivot time window for protecting
essential features of the cardiac-activity waveforms and
disabling EMI filtering within said pivot time window.

13. A method as set forth in claim 12 in which said at least
one adaptation is performed using at least one channel
selected from a user-determined channel and a system-
determined channel.
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