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(57) Abstract: A portable bioelectric impedance monitor and methods using the monitor can measure and monitor extracellular fluid
levels and/or cardiac signals. The monitor may include a tetrapolar electrode array lead with four electrodes arranged sequentially and
axially along the lead, and circuitry coupled with the at least four electrodes configured to measure bioelectric impedance extracellular
fluid and/or cardiac signals in a human subject at various frequencies. The electrodes are adhered to a human subject/patient on the
patient's torso or one of the patient's limbs. One embodiment includes a Tetrapolar Analog Front End Patient Interface circuit configured
to convert two electrode operation of a commercial Impedance Converter, Network Analyzer into a tetrapolar operation for excitation

and impedance measurement of the human subject.
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BIO ELECTRIC IMPEDANCE MONITORS, ELECTRODE ARRAYS AND
METHOD OF USE
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RELATED APPLICATIONS

[0001] This application claims the benefit under 35 USC 119(e) to U.S. Provisional
Application No. 63/239,085, filed August 31, 2021, and which is incorporated herein by

reference.
FIELD
[0002] The disclosure relates to a bioelectric device for measuring impedance.
BACKGROUND

[0003] It is known in the art to measure human impedance to monitor levels of intrathoracic
fluids, such as blood. In particular, it is known to use an impedance monitor to measure
human thoracic impedance, along with electrocardiogram (EKG) signals, as indicative of
blood flow and heart performance characteristics, as described in U.S. Patent No. 5,443,073
(Wang et al.), the subject matter of which is incorporated by reference herein in its entirety.
A portable device for non-invasive thoracic impedance measurement for the determination of
Stroke Volume (SV) and Cardiac Output (CO) is described in U.S. Patent No. 7,474,918. The
relatively small and simple, portable, non-invasive device for bioelectric impedance
measurement described in U.S. Patent No. 7,474,918 was superior to numerous prior
invasive and non-invasive thoracic impedance measurement devices and methods detailed in

that patent that is also incorporated herein by reference.

[0004] It is further known that certain medical conditions, such as congestive heart failure
(CHF) or renal disease, correlate qualitatively with the level and variation of the level of

intrathoracic fluids.
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[0005] It would further be useful to be able to monitor levels of tissue hydration in a human
subject in real/near real time, in particular, extracellular fluid (ECF) levels, to gauge the

subject's response to various interventions, for example, kidney dialysis.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The foregoing summary, as well as the following detailed description of the
disclosure, will be better understood when read in conjunction with the appended drawings.
For the purpose of illustrations, there are shown in the drawings embodiments which are
presently preferred. It should be understood, however, that the disclosure is not limited to the

precise arrangements and instrumentalities shown. In the drawings:

[0007] Figure 1 depicts a first embodiment of a fluid impedance monitor connected to a user

for thoracic impedance measurement;

[0008] Figure 2 is a front perspective view of the front face of a base unit of the monitor of
Figurel;
[0009] Figure 3A is a perspective view of an electrode array assembly of the impedance

monitor of Figure 1 used on a first preferred embodiment;

[0010] Figure 3B is a plan view of a first side of an electrode pad assembly of the electrode

array assembly of Figure 3A;

[0011] Figure 3C is a plan view of a second side of an electrode pad assembly of the

electrode array assembly of Figure 3A;

[0012] Figure 3D is a plan view showing the electrode pad assembly of Figure 3B separated

from first and second electrodes of the electrode array assembly of Figure 3A;

[0013] Figure 3E is a perspective view of components of an electrode array assembly in

accordance with a second preferred embodiment;

[0014] Figure 4 is a block diagram of the major circuit components of the existing prior art

thoracic impedance monitor base unit;

[0015] Figure 5 is a diagram of steps of a method of monitoring thoracic fluid level of a

person;
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[0016] Figures 6A-6D are flow diagrams describing in detail operation of the existing base
unit;
[0017] Figure 7 is a functional block diagram of the circuit components of the base unit for

Extracellular Fluid (ECF) patient monitoring;

[0018] Figure 8 is a functional block diagram of the circuit components of the base unit
further modified from Figure 7 to selectively provide for Extracellular Fluid (ECF) or

conventional thoracic impedance patient monitoring, as desired;

[0019] Figure 9 is a functional block diagram of the circuit components of the base unit
further modified from Figure 8 to incorporate an Impedance Converter and Network circuit

operating through a Tetrapolar Front End Patient Interface;

[0020] Figure 10 is a functional block diagram of the components of the Impedance

Converter and Network circuit used with Tetrapolar Front End Patient Interface of Figure 9;

[0021] Figure 11 is a functional block diagram of the components of the Tetrapolar Front
End Patient Interface of Figure 9 used with the Impedance Converter and Network circuit of

Figs. 9 and 10;

[0022] Figure 12 illustrates one possible use of any of the subject systems to measure

Extracellular Fluid in a human subject;

[0023] Figures 13-16 are detailed circuit diagrams for an embodiment of the Tetrapolar

Analog Front End Patient Interface of Figure 11;

[0024] Figures 17A and 17B are a front view and back view, respectively of a second

embodiment of the fluid impedance monitor;

[0025] Figure 18 illustrates a first implementation of a single electrode lead array for the

monitor of Figures 17A and 17B,;

[0026] Figures 19A and 19B illustrate more details of the single electrode lead array shown
in Figure 18;

[0027] Figure 20 illustrates an implementation of a dual electrode lead array for the monitor

of Figures 17A and 17B;
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[0028] Figures 21A and 21B illustrate more details of the dual electrode lead array shown in
Figure 20;

[0029] Figure 21C illustrates the points on a cardiac cycle whose timing may be measured

using the ESG signals in this second embodiment of the fluid monitor;

[0030] Figure 22 illustrates a circuit board of the monitor housed in the monitor housing

shown in Figures 17A-17B;

[0031] Figure 23 illustrates an output signal generator circuit that may be used for the second

embodiment of the fluid monitor;

[0032] Figure 24 illustrates an input signal conditioning circuit that may be used for the

second embodiment of the fluid monitor;

[0033] Figure 25 illustrates a differentiator circuit that may be used for the second

embodiment of the fluid monitor;
[0034] Figure 26 is a flowchart of a method for measuring impedance of a patient;
[0035] Figure 27 illustrates more details of the method for measuring impedance of a patient;

[0036] Figure 28 is a flowchart of a method for determining cardiac characteristics based on

bioimpedance;
[0037] Figure 29 is a flowchart of a method for estimating heart rate;
[0038] Figure 30 is a flowchart of a method for determining cardio cycles;

[0039] Figure 31 is a flowchart of a method for constructing a vector for each cardio cycle;

and
[0040] Figure 32 is a flowchart of a method for determining stroke volume.
DETAILED DESCRIPTION OF ONE OR MORE EMBODIMENTS

[0041] According to one aspect of the disclosure, a device to monitor tissue hydration of a
human subject comprises: at least four electrodes capable of being physically adhered and
electrically coupled to the human subject; and circuitry coupled to four of the at least four

electrodes to measure a bioelectric tissue impedance of the patient at a frequency of less than
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fifteen kilohertz. ( < 15kHz) or 115 kHz. Furthermore, the device and method may measure
ECG data from the heart of a patient and used that ECG data as discussed below.

[0042] In one embodiment, the device may facilitate a method for monitoring tissue
hydration of a patient using at least four electrodes using multiple frequencies. The method
may be used to monitor low frequencies, less than 15 kHz, to determine extracellular
hydration and/or high frequencies, such as greater than 15 kHz up to 115 kHz, to determine

extracellular and intracellular hydration.

[0043] In another embodiment, a method of using an electrode array and operably coupled
impedance measuring device that comprises an electrode array for use with a physiological
electronic monitor used to monitor electrical characteristics of a user's body may be
provided. The method using a linear electrode array lead including at least first, second,
third, and fourth electrodes arranged sequentially and axially along the linear electrode array
lead (examples of which are shown in Figures 18-21), applying a sinusoidal current from the
impedance measuring device to the first and fourth electrodes, detecting a differential
electrical potential between the second and third electrodes with the impedance measuring
device and determining the impedance of the user from the detected differential electrical
potential. In another embodiment, a method is disclosed to calculate a numerical value of
determined impedance on the impedance measuring device, wherein the detecting process
differentially amplifies and low pass filters voltages from the second and third electrodes and
wherein the calculating process includes sampling the differentially amplified and low pass
filtered voltage from the second and third electrodes at predetermined intervals for a number
of times, adding the sampled voltages to generate a sum, dividing the sum by the number of
times to provide an averaged voltage value; scaling the averaged voltage value and
combining the scaled averaged voltage value with a predetermined offset value to generate a
numerical value of the differential impedance. In another embodiment, the connecting of the
electrodes to the patient with an electrode pad includes adhering the electrode array to the
user so as to operatively couple each of the first, second, third and fourth electrode pads to

the user.

[0044] In another embodiment, a method for processing a Bioimpedance signal of a patient

to derive heart rate, heart stroke volume, and cardiac output signals for the patient is
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provided. The method digitally filters and phase corrects the Bioimpedance signal to remove
gain-phase-frequency distortions, estimates heart rate using a power spectrum of the
Bioimpedance signal and an auto-convolution function of the said power spectrum,
suppresses breath waves to remove undesired power spectra components and generate a
Bioimpedance signal of restored shape, determines one or more cardio cycles of the restored
Bioimpedance signal and determines effective left ventricular ejection time (ELVET) using
check points within said cardio cycles; and discarding at least some of said cardio cycles
which exhibit interference artifacts. The method may also locate points on a time-derivative
Bioimpedance curve for the Bioimpedance signal; and select the points which most

accurately reflect cardiac events.

[0045] In another aspect, a method of estimating heart rate is provided that calculates a
power spectrum of a Bioimpedance signal (from a Bioimpedance monitor device), multiplies
the power spectrum by a selected amplitude-frequency function to differentiate the signal and
suppress breath harmonics, auto convolutes the resulting power spectrum according to a
formula and determines a maximum amplitude value of auto convolution in a predefined

frequency range as an estimation of heart rate.

[0046] In another aspect, a method of determining cardio cycles is provided that filters a
Bioimpedance signal from a Bioimpedance monitor to emphasize fronts (a beginning of each
cardio cycle) of cardio cycles, calculates a time-amplitude envelope of the cardio cycles by
analyzing the first five harmonics of the powers spectrum of said Bioimpedance signal after
filtration, selects the cardio cycle fronts by comparison with said calculated time-amplitude
envelope and rejects erroneously-detected fronts. The method for discarding cardio cycles
exhibiting interference artifacts may also detect time and amplitude relations referencing
check points within individuals of a plurality of cardio cycles, compare the time and
amplitude relations between individuals of a plurality of cardio cycles and further examine
selected cardio cycles which exhibit the presence of artifact according to a plurality of

comparison criteria.

[0047] In another aspect, a method of constructing a multi-dimensional vector for each
selected cardio cycle is provided by comparing the multi-dimensional vector with such

vectors for other cardio cycles and rejecting the cardio cycles with vectors having no
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neighboring vectors of other cardio cycles. In another aspect, a method of determining
effective left ventricular ejection time (ELVET) is provided that filters the Bioimpedance
signal (from a Bioimpedance monitor device) and suppresses breath waves therein, detects a
cardio cycle, calculates the time derivative of the Bioimpedance signal, determines the
maximum value of the time derivative, determines effective ejection start time, determines
effective ejection end time and calculates effective left ventricular ejection time (ELVET) as

change in time between effective ejection start time and end time.

[0048] In another aspect, a method of determining stroke volume is provided that, using the
Bioimpedance monitor, determines specific blood resistivity (P), measures a distance L
between two Bioimpedance electrodes applied to the patient, determines a base thoracic
impedance Z, determines effective left ventricular ejection time (ELVET) and calculates
stroke volume SV according to the equation where K is a novel scale factor related to body
composition of the patient. A method of determining cardiac output as a product of stroke

volume and heart rate is also disclosed.

[0049] A process for monitoring human subjects such as medical patients is disclosed that
applies electrodes to points on the body of the subject/patient, passes an alternating current of
very low amperage between a first pair of the electrodes, measures voltages (V) of the body
through a second pair of the electrodes located on the subject/patient between the first pair,
calculates an average impedance value Zo that may be determined by first measuring the
thoracic voltage (V) of the body and then calculating an average thoracic (base) impedance
value, Zo, based on the measured current (I) and the thoracic voltage (V) and displays the
average impedance value for comparison with baseline values previously established
preferably when the subject/patient was in a known, stable condition, to determine if
differences are within established tolerances. The disclosed methods may be performed
using a fluid monitor that has a battery powered, portable base unit which performs all the
necessary functions. For example, the device and system disclosed in U.S. Patent No.

7,474,918 (thoracic impedance monitor) may be used.

[0050] In another aspect, a method is disclosed for operating the aforesaid device to monitor
extracellular fluid status of a human subject in which the method connects four of the

electrodes in a linear arrangement to the skin of the human subject; generates an oscillating
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voltage signal having a frequency or multiple frequencies between less than 15 kHz and up to
115 kHz; removes a direct current (DC) bias from the oscillating voltage signal; converts the
oscillating voltage signal into an oscillating current having a frequency of between less than
15 kHz and up to 115 kHz; passes the oscillating current through the human subject between
a first pair of the electrodes; samples voltages from the human subject through a second pair
of electrodes positioned between the first pair of electrodes on the human subject; generates a
differential voltage signal from sampled voltages; converts the differential voltage signal into
an alternating current; adds, to the alternating current, a constant bias equivalent to the DC
bias removed from the oscillating voltage signal to provide a current output; and determines

from the current output one or more biometric impedance values for the human subject.

[0051] In yet another aspect, a method is disclosed that monitors the extracellular fluid status
of a human subject that adheres, to skin of the human subject, four spaced apart electrodes in
a linear array; passes an oscillating current having a frequency of between less than 15 kHz
and up to 115 kHz through the patient between an outermost pair of the four electrodes;
senses voltage levels from the human subject through an innermost pair of the four
electrodes; calculates a bioelectric impedance value for the human subject from the sensed
voltage levels; and outputs the calculated biometric impedance value to a human interface

device.

[0052] A second embodiment of the monitor device monitors tissue hydration (like the first
embodiment) and hemodynamics variables of a human subject using at least four electrodes
capable of being physically adhered and electrically coupled to the human subject and
circuitry coupled to four of the at least four electrodes to measure a bioelectric tissue

impedance of the patient at a frequency of less than two hundred kilohertz.

[0053] The process for monitoring human subjects such as medical patients is disclosed that
applies electrodes to points on the body of the subject/patient, passes an alternating current of
very low amperage between a first pair of the electrodes, measures voltages (V) of the body
through a second pair of the electrodes located on the subject/patient between the first pair,
calculates an average impedance value Zo based on the applied current (I) and measured

voltages (V) and displays the average impedance value for comparison with baseline values
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previously established preferably when the subject/patient was in a known, stable condition,

to determine if differences are within established tolerances

[0054] The EKG signal typically displays electro cardio events as perturbations referred to as
waves. The heartbeat is most clearly reflected in the EKG signal as an R wavepeak between a
pair of adjoining Q and S wave valleys. A process for monitoring human subjects such as
medical patients is disclosed that applies electrodes to points on the body of the
subject/patient and interfaces to a signal conditioning circuit for ECG biopotential
measurement , designed to extract, amplify, and filter small bio-potential signals in the
presence of noisy conditions, such as those created by motion or remote electrode placement.
This design allows for an ultralow power analog-to-digital converter (ADC) or an embedded

microcontroller to acquire the output signal.

First Embodiment of Monitor Device

[0055] Figure 1 depicts an embodiment of a monitoring system or "monitor" 10 that is
connected to, by electrodes, a user U. The system 10 measures thoracic impedance using a
patient interface that includes a four electrode array assembly 100 which is coupled to a

small, hand transportable base unit 20.

[0056] Figure 2 depicts a front panel 24 of the base unit 20. The base unit 20 is relatively
lightweight and is contained in a relatively small (i.e. hand transportable) housing 22.
Preferably, the base unit 20 is provided with a handle 36 to facilitate transport. The base unit
20 contains several user interfaces in addition to a connector port 26 for receiving a
connection end of the electrode array assembly 100. These interfaces preferably include a
three digit display 30 (e.g. formed by three, seven segment LED's) which preferably digitally
display impedance as xx.x ohms, a start switch 28 to start the system 10, a low battery alert
light 32, and a cable disconnect alert light 34. Preferably the base unit 20 also contains a
beeper 86 (see FIGURE 4) or other sound generator for signaling purposes. Alternatively,
additional alert lights (not illustrated) could be substituted for the beeper 86.

[0057] The base unit 20 is preferably configured to perform all necessary steps to measure,
determine and display the patient's base impedance after the start switch 28 is actuated.
However, the system 10 does not provide any patient diagnostic parameters. That is, it

provides only a measurement of impedance over a predetermined fixed length of the patient's
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body. This value can be compared with other impedance values for the patient or against
limit values and used as a relative measure of patient's "dryness" or "level of hydration". An
analogy will be a blood pressure instrument which displays patient's systolic and diastolic
blood pressure, but does not diagnose if a patient has hypertension or not. The information
provided by system 10 will be evaluated along with various other parameters by health care

or other professional to identify the use of the information for their specific purpose.

[0058] The base unit 20 will provide the following outputs. The three digit LED display 30
preferably will display impedance value as xx.x. During measurement, a rotating/flickering
pattern can be displayed to indicate the measurement is in progress. To ensure that the user U
records ONLY the impedance values, the system software preferably will not display any
numerical values other than impedance value. This means that there should be no countdown
timers and no error or diagnostic codes expressed as numerical values. The base unit 20 will
also indicate an error condition (by the beeper or flashing lights) in the event it detects that it
could not perform a valid impedance measurement or that the impedance value was outside
of a predetermined measurement range (such as, for example, 5 to 55 ohms). If the electrode
array assembly is disconnected from the system cable disconnect alert light 34 will

illuminate.

[0059] The base unit 20 may activate the low battery indication light 32 in the event it
detects that the battery voltage is below a level that will allow for reliable impedance
measurement. In the event of a low battery voltage condition, the base unit 20 may blink this
LED 32, for example at a rate of once every 10 (+/-0.5) seconds for a period of 30 (+/-2) sec.
If the battery voltage drops below 5.25 volts, but remains above 4.75 volts, the impedance
results will be displayed along with blinking-battery condition LED 32 to indicate that the
battery power is getting low but still acceptable. If the battery voltage drops below 4.75 volts,
both LEDs 32, 34 can be made to blink to indicate that the battery voltage is low and
accurate results could not be displayed. Preferably a micro-controller 80 in the base unit 20
will continue to operate below 4.75 volts, even though an accurate measurement cannot be

made, to warn the user of the condition of the unit.

[0060] The base unit 20 can be configured to provide various beeper alerts to the user.

Preferably the base unit 20 beeps to indicate that the measurement is completed and the
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displayed value should be recorded. The beeper 86 may further be activated to indicate other,
different conditions or steps, for example, when the base unit 20 is initially activated, while
the unit is initializing, while the power supply is stabilizing, while measurements are being
taken and/or before the unit shuts itself off The beeper 86 can also be activated in the event a
successful measurement was not accomplished or an error condition was detected. Different
beep patterns may be used for different conditions including different states of the base unit

20.

[0061] The base unit 20 was configured to perform all necessary steps to measure, determine
and display the patient's base thoracic impedance after the start switch 28 is actuated.
However, the system 10 did not provide any patient diagnostic parameters. That is, it
provided only a measurement of impedance over a predetermined fixed length of the patient's
body. This value can be compared with other impedance values for the patient or against
limit values. The information provided by system 10 would be evaluated along with various
other parameters by health care or other professional to identify the use of the information for

their specific purpose.

[0062] The base unit 20 provided the following outputs. The three digit LED display 30
preferably displayed impedance value as xx.x. During measurement, a rotating/flickering
pattern was displayed to indicate the measurement is in progress. To ensure that the user U
records ONLY the impedance values, the system software preferably did not display any
numerical values other than impedance value. This means that there were no countdown
timers and no error or diagnostic codes expressed as numerical values. The base unit 20
would also indicate an error condition (by the beeper or flashing lights) in the event it detects
that it could not perform a valid impedance measurement or that the impedance value was
outside of a predetermined measurement range (such as, for example, 5 to 55 ohms). If the
electrode array assembly was disconnected from the system cable disconnect alert light 34

would illuminate.

[0063] The base unit 20 would activate the low battery indication light 32 in the event it
detected that the battery voltage is below a level that will allow for reliable impedance
measurement. In the event of a low battery voltage condition, the base unit 20 might blink

this LED 32, for example at a rate of once every 10 ( +/- 0.5) seconds for a period of 30 ( +/-
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2) sec. If the battery voltage dropped below 5.25 volts, but remains above 4.75 volts, the
impedance results would still be displayed along with blinking battery condition LED 32 to
indicate that the battery power was getting low but still acceptable. If the battery voltage
dropped below 4.75 volts, both LEDs 32, 34 would be made to blink to indicate that the
battery voltage was low and accurate results could not be displayed. Preferably a
microcontroller 80 in the base unit 20 would continue to operate below 4.75 volts, even
though an accurate measurement could not be made, to warn the user of the condition of the

unit.

[0064] The base unit 20 could be configured to provide various beeper alerts to the user.
Preferably the base unit 20 beeped to indicate that the measurement is completed and the
displayed value should be recorded. The beeper 86 could further be activated to indicate
other, different conditions or steps, for example, when the base unit 20 was initially
activated, while the unit was initializing, while the power supply was stabilizing, while
measurements were being taken and/or before the unit shut itself off The beeper 86 could
also be activated in the event a successful measurement was not accomplished or an error
condition was detected. It was suggested that different beep patterns could be used for

different conditions including different states of the base unit 20.

[0065] Referring to Figures 3A-3D, a first preferred embodiment of the electrode array
assembly 100 included a single, linear electrode array lead 110 having a first end 112 and a
second end 114. An electrical connector 116 is provided at the first end 112. Electrical
connector 116 operatively connects to connector port 26. First through fourth electrodes 120,
122, 124, and 126 are arranged axially and spaced along the length of the lead 110. As
discussed further below, preferably first and fourth electrodes 120, 126 are current sources,
while preferably second and third electrodes 122, 124 measure electrical potential. Because
the electrodes 120-126 are fixed along the lead 110, their spacing relative to one another is
also fixed and predetermined, with the first and second electrodes 120, 122 being spaced a
first pre-determined distance DI, and the third and fourth electrodes 124, 126 being spaced an
equal pre-determined distance D2. The pre-determined distances DI, D2 were preferably

about five centimeters or about two inches.
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[0066] Preferably, identical first and second electrode pad assemblies 140 were releasably
connected to the electrodes 120-126. The preferred electrode pad assemblies included an
overlapped arrow-shaped body member 142 into which were mounted a first electrode pad
146 and a second electrode pad 150. The body member 142 had a first side 142a, and the
electrode pads 146, 150 were exposed on this first side 142a. On a second side 142b of the
body member, male snap elements 152, rigidly connected to the electrode pads 146, 150, are
exposed. The male snap elements 152 were adapted to releasably connect with
complementary female snap elements 128 provided in the electrodes 120-126 on the lead
110. Any other conventional structure used for coupling electrode pads to such cardio leads

could also be used.

[0067] Preferably, the body member 142 was pre-coated during manufacture with a contact
adhesive on the first side 142a. A removable, adhesive protective film 144 was preferably
provided. Preferably, the electrode pads 146, 150 were coated with an electrically conductive
hydrogel which acted along with the contact adhesive and allowed the electrode pads 146,
150 to releasably adhere to the user's skin. The electrodes 120-126 and electrode pads 146,
150 incorporated into the electrode array assembly 110 were off-the-shelf commercially

available components.

[0068] Referring to Figure 3E, a second embodiment electrode array assembly 100' was
generally similar to the first embodiment electrode array assembly 100, with the exception
that a second embodiment electrode array lead 11 O' was substantially shorter, and a
connection cord 130 was provided to connect the electrode array lead 110’ to the base unit
20. The connection cord 130 had a first end 132, a second end 134, a first connector 136 at
the first end 132 configured to mate with array lead connector 116, and a second connector
138 at the second end 134 configured to mate with base unit connector port 26. Note that
electrode pad assemblies 140 are omitted from the illustration of Figure 3E, but conventional

conductive pads were used as part of the second embodiment electrode array assembly 100",

[0069] Each of the array leads 110, 110" was flexible along its length. While the spacing
between the first and second electrodes 120, 122 and between the third and fourth electrodes
124, 126 with the electrodes 120-126 operatively connected to a user was preferably the

same for all users, given the flexibility of the array lead 110, 110', the spacing between the
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second electrode 122 and the third electrode 124 could be adjusted to accommodate users of
various sizes. That is, for a user having a long sternum, with the electrodes 120-126 placed as
indicated above, the electrode array lead 110, 11 0' will be more fully extended between the
second and third electrodes 122, 124 than would be the case for a user having a shorter

sternum and also having the electrodes 120-126 placed as indicated above.

[0070] Figure 4 illustrates an example of the hardware and circuitry 40 of the base unit 20
that may include signal generating circuitry 50, voltage detection circuitry 60 and impedance
calculation circuitry 70. The impedance calculation circuitry 70 includes an analog/digital
converter 72, data acquisition circuitry 74, and data analysis and storage circuitry 76. Along
with power management circuitry 82, the impedance calculation circuitry 70 is provided by a

micro-controller 80.

[0071] The signal generating circuitry 50 generates the stable excitation current (I). A current
source subcircuit 52 includes a constant current source (not depicted) and clock oscillator
(not depicted) to supply a current of about 2 mA or less, preferably a.98.+-.0.0l mA, at a
100.+-.1 0 kHz and 5+/- 5 kHz (frequency preferably to the first and fourth electrodes 120,
126 through an isolation transformer 54, the connection cord 130 and electrode array lead
110. The current source subcircuit 52 is configured to output a current of less than 4 mA
under all conditions including equipment component failure. The wave form of the current
may be sinusoidal with less than ten percent total harmonic distortion. Voltage values across
two of the four electrodes, preferably the second and third electrodes 122, 124, are passed
through isolation transformer 62 to an amplifier and low pass filter subcircuit 64. The low
pass filter subcircuit 64 functions to remove extraneous electrical interference from ambient
sources, for example, home appliances operating on standard residential 60 Hz current. A
preferred cut-off frequency of the low pass filter subcircuit 64 is about 50 Hz. The base unit
20 measures voltage developed across detection electrodes 122, 124 when the excitation
current source is energized. The voltage level will be between about 18 millivolts and 104
millivolts (to provide an anticipated range of impedance measurement of about 10 ohms to

50 ohms, at the 2 mA current).

[0072] Micro-controller 80, which might be a PIC 16F873 device, controls generation of the

excitation current and receives the filtered voltage analog signal from the amplifier and low
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pass filter 64 at the input of analog to digital converter 72. In one embodiment, the injected
current is not generated for a short period of time ( e.g. fifteen to thirty seconds) after the
start switch 28 is actuated to allow the user to settle into a quiescent state. The current may
be then injected for a predetermined period, e.g. thirty seconds, to perform the measurement.
Voltage values sampled from the A/D converter 72 are received by the data acquisition
circuitry 74 of the micro-controller 80 at a rate of about five samples per second for all or
most of the thirty second period. Data analysis and storage circuitry 76 of micro-controller 80
sums the counts generated by the A/D converter 72, divides sum by the total number of
samples taken to provide an average voltage value which is converted into an impedance
value. The algorithm used for generating impedance in tenths of ohms is: averaged A/D
counts*Gain+Offset, where in the preferred circuit the Gain is 0.6112 and the Offset is
1.1074. Gain and Offset are based on the electronics design and operating range and are used
for all base units 20. Each system 10 is calibrated to match the use of these numbers. The
data analysis circuitry 76 also controls the various displays 30, 32, and 34. The power
management circuitry 82 controls the generation and distribution of power in the base unit
circuitry 40 to control operation of the system 10. Specific functions of the power
management circuitry 82 include a first function 82a of providing power to the processor; a
second function 82b of providing power to the A/D converter, and a third function 82¢ of
monitoring the input voltage. A power supply 90 may be provided by conventional dry-cell
batteries (not shown) or by an external power adapter (not shown) connected to a

conventional 120 V outlet.

[0073] The base unit 20 may be provided with a serial port 84 to work with logic level
signals. The timing for the serial data can be similar to RS232 signal or other conventional
data transfer format. The base unit 20 would preferably be provided with a serial port, for
example one configured to operate at 9600 baud, with 8 bit data, 1 Start bit, 1 Stop bit and no
parity bit format. An external level translator may be necessary to interface the base unit to a
PC or a PALM device. Upon receipt of a specific command, the base 20 unit would be
configured to transmit the information related to all or a subset (e.g. the last ten) of the
readings of the impedance measurement. This information may also include the date and time

of measurement, impedance value, and/or the serial number of the unit.
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[0074] With reference to Figure 5, a method of monitoring thoracic fluid level of a person
included a first step 210 of providing the thoracic impedance monitor 10, as described herein.
In a second step 220, the user obtained a measurement of their thoracic impedance. To
accomplish this second step 220, in a third step 230, the user connected the first through
fourth electrodes 120-126, via electrode pads 146, 150, to the users' body, as described

above.

[0075] With the electrodes 120-126 in place, in a fourth step 240, the user initiated operation
of the impedance monitor IO by actuating the start switch 28. The user was to remain
"relatively" still for the length of the measurement period. The system 10 injected the
relatively high frequency (e.g. about I00KHz) very low amperage (about 2 or less mA)
current into the user and took voltage readings from the second and third electrodes 122, 124
for a period of time (e.g. about thirty seconds), calculated the average thoracic (base)
impedance and then displayed the average value, preferably for a predetermined period (e.g.
fifteen seconds to two minutes). In particular, activation of the start switch 28 initiated a
series of steps 242-314. For brevity, the reader is referred to Figs. 6A-6D, which describe in
detail the series of steps 242-314. In short, assuming proper functioning of the impedance
monitor 10, activation of the start switch 28 culminated in display of the user's thoracic
impedance (measured in ohms) on the base unit display 30. Once the reading was obtained,
in a fifth step 320, it was desirable that the user log the reading into a record of impedance

measurements taken over time.

[0076] Preferably, the user need use the system 10 only once a day for thoracic impedance
but might take it more than once a day if needed or desired. The total time required for a test
was brief, approximately five minutes. Preferably, to improve the ability to compare
measurements, the measurements were to be taken at the same time of day (thoracic
impedance measurements typically vary over the course of a day, as eating, drinking, and
other activities affect thoracic fluid levels). More preferably, the test was performed daily
before the user ate his or her first meal of the day. The test might be taken more often, for

example, to monitor the effects of medication ( e.g. diuretics) or exercise.

[0077] It has been found that the basic thoracic impedance monitoring device described

above could be modified and used in different ways to better monitor relative fluid levels in
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human patient tissues. More particularly, it has been found that a relative hydration status of
a human subject such as a patient can be based on the impedance values (Z) reported in ohms
over different ranges of frequency measurements. Extracellular Fluid ("ECF"), sometimes
referred to as Extracellular Water ("ECW"), is the fluid which surrounds cellular membranes
in human tissue. Intracellular Fluid ("ICF"), sometimes referred to as Intracellular Water
("ICW"), is the fluid trapped in the cellular membranes forming human tissue. The
ECF/ECW and ICF/ICW are predominately electrical resistive entities, whereas the cellular
membrane, due to its lipid layer, has an isolating (capacitive) behavior. It has been found that
the behavior of an injected current will be different for "low" and "high" frequencies. Low
frequency currents only flow around the cells through the ECF/ECW, whereas high
frequency currents will also pass through the cell membrane and the ICF/ICW. Thoracic
impedance measurement is therefore a measure of the two. "Low Frequency" is hereinafter
used to refer to a bioelectric impedance measuring current of a sufficiently low frequency
magnitude as to flow only or essentially only through Extracellular Fluid component in the
tissue of a human subject. A "Low Frequency" impedance measuring current may be less
than 15kHz (<15kHz), preferably less than 10kHz and, more preferably, only about SkHz.
"High frequency" is hereinafter used to refer to an impedance measuring current of a
sufficiently high frequency magnitude as to flow through or essentially through both the
Intracellular (ICF) and Extracellular (ECF) fluid components in the tissue of a human
subject. A "High Frequency" impedance measuring current therefore above 15 kHz (>15
kHz) and even above 50 kHz (>50 kHz) and more typically about 100kHz like that of the
described U.S. Patent No. 7,474,918 device. The clinical benefit resides in the serial
determination of these ECF/ECW impedance values as the patient undergoes therapeutic
interventions as a gauge of the relative changes in the EC fluid volumes, for example, during

dialysis treatment.

[0078] Referring to Figure 7, a modified system 410 with modified Patient Interface has been
substituted for that of Figure 4 to simplify the design and to enable measurement of
ECF/ECW generated impedance values. Apart from the Patient Lead Array, which remains
the same, the other components of the system would again be housed in a base unit 420. In
particular, a SkHz signal source 452 has been substituted for the original 100 kHz signal

source 52 and appropriate operational amplifiers with appropriate filter(s) 454, 464 have
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been substituted for the original isolation transformers 54, 62 and amplifier/filter 64. In
addition, an RMS to DC converter IC chip 462 has been provided as a detector for front end
impedance measurement to reduce the computational load on the main micro-controller 80.
There has been slight revisions to characteristics of the power supplies 482a, 482b reflective
of the changes to the patient interface circuitry. No changes to the software of
microcontroller 80 were need to continue to drive the display 30 to output impedance values

in decimal form or to operate the sound output/beeper 86.

[0079] Figure 8 represents a further modification of the Figure 7 system ( or alternate
revision of the original Figure 4 device). The Figure 8 system 510 permits either
conventional thoracic impedance measurements with a I00kHz signal (current) source 52 and
circuitry or ECF/W impedance measurements with a low frequency (SkHz) signal (current)
source 452 and related excitation and measurement circuitry. Again, apart from the Patient
Lead Array 100, the other components would be housed in a base unit 520. CMOS analog
switch circuitry 558 was provided to control a DPDT switch via the micro-controller 580 for
user selection of the current source. Existing coding of the micro-controller was modified to
permit storage and use of two sets of calibration gain and offset figures, with the appropriate

figures being used automatically based upon the current source selected by the user.

[0080] Figure 9 represents a further improvement to the Low Frequency system of Figure 7.
Again, apart from the Patient Lead Array, the components of this system 610 are housed in a
base unit 620. Here, a commercial circuit, an Analog Devices AD5933 1 MPSP, 12Bit
Impedance Converter, Network Analyzer 650 is provided as a current generator, voltage
receiver and impedance data processor. A functional block diagram of AD5933 Impedance
Converter, Network Analyzer 650 is set forth in Figure 10. The AD5933 circuit 650 has an
output or transmit stage generating and providing at VOUT, an excitation signal at a
particular frequency to an external impedance (i.e. the patient/subject) to be measured. It has
an input or receive stage that samples at VIN, the excitation signal after it has been passed
through the external impedance. The input stage comprises a current-to-voltage amplifier,
followed by a programmable gain amplifier, anti-aliasing (low pass) filter, and an analog to
digital converter (ADC). Output of the ADC is passed to an on-board D SP engine with

discrete Fourier transform algorithm which outputs calculated real (E) and imaginary (I)
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data-words. These words are passed from the AD5933 circuit to the microprocessor

controller 680 for calculation of impedance (Z) values.

[0081] The AD5933 circuit 650 is used in combination with a Tetrapolar Analog Front End
Patient Interface 660, a functional block diagram of which is presented in Figure 11. As can
be seen, the Tetrapolar Analog Front End Patient Interface 660 is connected across the VIN,
VOUT, RFB connection points of the AD5933 circuit 650. Tetrapolar Analog Front End
Patient Interface 660 converts the bipolar impedance operation of the AD5933 circuit 650
circuit into tetrapolar operation. The AD5933 circuit 650 is configured to operate as a two
electrode impedance measurement device and this fact limits severely the range of
application of usage, e.g. applications of spectral characterization are basically discarded
since the impedance measurement obtained will also contain the electrode polarization
impedance as well as the electrode-skin impedance. Another important limitation of AD5933
circuit 650 is a safety issue. The voltage output VOUT contains a DC level component, a DC
bias. This imbalance produces a DC voltage across the electrodes and the body, introducing
DC current into the body of any human subject on which it might be used, which can be a
health hazard for the subject. The AD5933 circuit 650 is a voltage-driven measurement
system that does not itself provide any control over the injected current. This is a separate
safety hazard issue since the injected current can be larger than recognized limits, for
example, the limits set by the International Electrotechnical Commission standard IEC-60601
for electrical medical equipment. For these many reasons, the AD5933 circuit 650 is itself

unsuitable for human bioelectric impedance or tetrapolar impedance determination.

[0082] The four terminal, Tetrapolar Analog Front End Patient Interface 660 provides an
interface between the AD5933 circuit 650, and the human subject. As such, it must have the

proper input and output stages to interconnect to each of them.

[0083] The four terminal, Tetrapolar Analog Front End Patient Interface 660 may be
considered as a combination of two voltage-to-current converters, one in the direction from
ADS5933 circuit 650 to the human subject's body and another from the human subject's body
to AD5933 circuit 650. Since AD5933 circuit 650 applies voltage at its VOUT output and
expects a current flowing into its VIN input, the four terminal Tetrapolar Analog Front End

Patient Interface 660 interfaces with AD5933 circuit 650 has a voltage input and a current
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output. The current source output generates the current resulting from the ratio of VOUT and
the impedance of the body, which is the current expected by AD5933 circuit 650 at the VIN
input. At the body side, the four terminal Tetrapolar Analog Front End 660 provides a current
source as output while the input is a differential voltage measurement channel. The current
source excites the human subject with an alternating current. In this case, an output current of
900 pA rms has been selected to fully comply with IEC-60601 for electrical safety, but that

level is only currently preferred and is neither fixed nor required for measurement purposes.

[0084] The operation of the four terminal Tetrapolar Analog Front End Patient Interface 660
can be described as follows. The AC voltage output (VOUT) of the AD5933 circuit 650 is
passed to the input of the first voltage to current converter, which includes at least a Highpass
filter (HPF) providing first order filtering at 500 Hz for bias removal and 60 Hz suppression.
It may also be passed through a Low-pass filter (LPF) for second order filtering at 1000 Hz.
The HPF or the combined HPF /LPF may be replaced by other types or notch or Band-pass
filter (BPF). The filtered AC voltage (Vac) drives a voltage-controlled current source
(VCCS) of the first voltage to current converter, which injects an AC current (+1I or lout) into
the body of the human subject. I[+/Iout is directly proportional to the Vac, the filtered VOUT.
The AC current I+/Iout causes a voltage drop across the body of the human subject, which is
sensed by the second voltage to current converter. Since the voltage drop at the body of the
human subject drives the second voltage to current converter, it generates an AC current
proportional to the voltage drop in the body of the human subject. Finally, a DC component
is added to the generated AC current. This added DC component is equivalent to the DC bias
originally removed from VOUT. The resulting alternating current is fed to the VIN and RFB
connections of the AD5933 circuit 650.

[0085] Figure 12 illustrates the use of any of the systems 410,510,610 with a human subject.
The electrode pad assemblies 140 of the single, linear electrode array lead 110 are adhered to
the patient U. A suggested spacing between the inner (voltage) electrodes is about ten
centimeters, but different lead arrangements and different electrode spacings might be used.
The electrodes are applied linearly to the patient U but may be applied to either the torso of
the patient as in Figure 1 or to a limb. In Figure 12, the electrodes are applied to a human

subject's leg, where they might be used to monitor ECF fluid level changes in a patient
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undergoing dialysis. In some embodiments, multiple body segments may be measured for

their relative contribution to the ICF and ECF to the hydration of the tissue/body.

[0086] Thereafter, the unit 410, 510, 620 generates and feeds a Low Frequency, low
amperage current between the outer two electrodes 120, 126 and takes voltage measurements
across the inner pair of electrodes 122, 124. An impedance value is calculated by the unit
410, 510, 610 and uploaded to the display 30. Individual measurements may be taken at
spaced time intervals and displayed or series of measurements may be made and combined in
various ways, for example, averaged non-overlapping or overlapping serial blocks of
measurements. The real time/near real time reaction of the patient/subject to a procedure such
as dialysis can be monitored by observing the changes in measured impedance values on the

display.

[0087] It will be appreciated that measurement of ECF/ECW differs from thoracic
impedance measurement for cardiopulmonary purposes by (1) the use of a Low Frequency
signal and (2) the ability to locate the electrodes anywhere on the torso or any of the limbs of
the human subject. Limb location is actually preferred for certain applications such as ECF

monitoring of dialysis patients as illustrated by Figure 12.

[0088] Figures 13-16 are detailed diagrams of components for a suggested Tetrapolar Analog
Front End Patient Interface 660. Figure 13 provides details of the filtering subcircuit
associated with the first voltage to current converter. The signal from the VOUT terminal of
the AD5933 circuit 650 is passed through a High Pass Filter and then a Low Pass Filter that
provides a filtered voltage output, Vac passed to the voltage-controlled current source
(VCCS) of the first voltage to current converter, details of which are depicted in Figure 14.
Also depicted in Figure 14 is an optional, isolated Current Sensing output, which monitors
the magnitude of the ac current passing through the human subject for safety considerations.
Voltages are obtained from the human subject through the V+, V- electrodes. R Body
represents the resistance of the body between the V+, V- electrodes. U2 and U3 in this figure

and US in Figure 15 are transconductance amplifiers providing current outputs.

[0089] Figure 15 depicts details of the second voltage to current converter. The V+, V
voltages are combined in the U4 amplifier and the differential voltage output passed to the

US voltage to current converter, which converts the differential voltage into a current and
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adds a bias equal to that stripped out of the voltage signal at the AD5933 VOUT terminal.
The resulting current (Current Out) is fed to the VIN and RFB terminals of the AD5933
circuit 650.

[0090] Figure 16 provides details of a Current Sensor RMS Detector connected across the
output side of the Tl transformer in the Figure 14. As configured, it provides an RMS
Buffered Voltage output that can be tapped by a monitoring circuit such as an input of the
device controller 80. It also powers an Over Current Alarm in the form of a light source

diode D5.

Second Embodiment of Fluid Monitor Device and Method

[0091] Now, a second embodiment of the monitor device and method are disclosed in which
the hydrations signals at multiple frequencies may be determined and cardiac signals may
also be measured and monitored. The monitoring of the cardiac signals facilitates various
diagnostic and measuring methods including a method for monitoring tissue hydration of a
patient using at least four electrodes using multiple frequencies, a method for monitoring low
frequencies, less than 15 kHz analysis to determine extracellular hydration, a method for
monitoring High frequency, greater than 15 kHz analysis to determine extracellular and
intracellular hydration, a method of using an electrode array and operably coupled impedance
measuring device to determine the impedance of the user, a method to calculate a numerical
value of determined impedance on the impedance measuring device, a method for measuring a
user’s fluid level, a method for processing a Bioimpedance signal of a patient for derivation of
heart rate, heart stroke volume, and cardiac output, a method of determining the effective left
ventricular ejection time (ELVET), a method of estimating heart rate, a method of determining
cardio cycles, a method of discarding cardio cycles exhibiting interference artifacts, a method of
constructing a multi-dimensional vector for each selected cardio cycle, a method of determining
stroke volume and a method of determining cardiac output as a product of stroke volume and
heart rate. Each of these methods and their processes that may be implemented using the

second embodiment of the fluid monitor device are described below in more detail.

[0092] The cardiac monitoring (based on the measured ECG voltages) may include both the
determination of heart rate (HR) from electrocardiogram (EKG) signals and the
determination of heart stroke volume (SV) from thoracic impedance signals, from which

cardiac output (CO) can be estimated. The heart rate can be determined in a number of ways.
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The phonocardiogram is considered among the most accurate methods of determining heart
rate. However, due to the practical difficulties in using it, the phonocardiogram method is
generally not employed for any continuous or long-term monitoring. Thus, heart rate is most
typically determined by the electrocardiogram (EKG). The analog EKG signal typically
displays electro-cardial events as perturbations referred to as waves. The heartbeat is most
clearly reflected in the EKG signal as an R wavepeak between a pair of adjoining Q and S
wave valleys. The basic and commonly used method of automatically identifying the QRS
wave pulses in point is the threshold method in which the rate of voltage change between
consecutive data points of the EKG signal is monitored and compared with a threshold value.
Slopes exceeding the threshold value are deemed to be associated with a portion of the QRS
pulse. While this method commonly detects the interval between consecutive R waves
successfully more than eighty percent of the time, it typically has difficulty in dealing with
sources of irregular signal components such as pacemakers, muscle noise, 60 Hz interference

as well as nearby T or P waves which may also be associated with significant slope changes.

[0093] Hemodynamic monitoring of the heart can provide very valuable physiological
information regarding the functional state of the myocardium, which is intimately related to
its mechanical behavior. The quantitative measurement of blood flow, or the cardiac output
(CO), is one of the most useful parameters in assessing cardiac capability, but it is also one of
the most difficult to measure. It cannot be accomplished with the electrocardiogram (EKG)
which does not reflect the real pumping action of the heart. Both invasive and non-invasive
methods are available for measurement of cardiac output. The invasive methods are
considered the most accurate. The risks associated with them are often an unacceptable trade-
off, for they require direct access to the arterial circulation. In addition, invasive methods are
not suitable for repetitive measurements and normally cannot be performed outside a
hospital. Furthermore, invasive methods are very demanding in terms of time consumption
and the need for skilled personnel. Impedance Cardiography has been found to be one non-
invasive method with the potential for monitoring the mechanical activity of the heart with
virtually no risk. It can be conveniently handled by nursing and non-technical staff. It can
usually tolerate moderate patient movement and can be left unattended for continuous and
long-term monitoring .U.S. Pat. No. 3,340,867, now RE 30,101, to Kubicek et al. discloses

an impedance plethysmograph which employs four electrodes, two around the neck and two
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around the torso of a patient, to provide an impedance difference signal from the two center
electrodes. The outermost pair of electrodes applies a small magnitude, high frequency
alternating current to the patient while the inner pair of electrodes were used to sense voltage
levels on the patient above and below the patient's heart. The impedances of the patient at
each of the inner pair of electrodes could be determined from the sensed voltages and known
applied currents. According to Kubicek et al., stroke volume (SV) is related to impedance Z
as follows: where R is blood resistivity, L is the distance between the inner voltage sensing
electrodes, Z sub o is the mean thoracic impedance determined from the inner, voltage
sensing electrodes, VET is the ventricular ejection time and dZ/dt sub min is the maximum
negative slope change of the time-differentiated impedance signal, which is the time-
differentiated difference between the impedances determined at the center two electrodes.
The above equation is referred to as Kubicek's equation. Cardiac output per minute is stroke
volume time’s heart rate in beats per minute. The Kubicek equation is based upon a parallel
column model of the thorax in which it is assumed: (1) the thorax is a cylinder, consisting of
two electrically conducting tissue paths, also of cylindrical form with uniform cross-sectional
areas and homogenous conducting materials, the first path being the blood with a relatively
low resistivity and the second path being all other tissues with relatively high resistivity’s; (2)
the relationship between the maximum impedance change and the stroke volume during the
cardiac cycle is linear; (3) impedance measurements of the individual specific tissue volumes
are not very useful in developing the model (the parallel columns model relies on the intact
thoracic measurements); and (4) at 100 kHz frequency, a physiologically safe frequency, the
relative thoracic impedance changes are at a maximum, the effects of polarization are
negligible, and the reactive component of impedance is small, especially when compared to
the real component, so that the reactance could be ignored in determining impedance with

only a small error.

[0094] Yet another model and equation for relating impedance and stroke volume has been
proposed by Sramek. According to Sramek, stroke volume (SV) is related to impedance Z as
follows: where H is the patient's height. The Sramek equation is based upon a frustoconical
model of the thorax. The Sramek model illustrates some improvement and accuracy over the
Kubicek model but its major assumptions are still similar to those of the Kubicek model.

Despite its advantages, impedance cardiography has not been well accepted by clinicians for
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three primary reasons: (1) poor correlation of the methods and models with the results of the
more accepted invasive techniques; (2) still a relatively high dependence on skilled technical
operators; and (3) still a discomfort to and/or disturbance of patients associated with the use
and application of band electrodes. It is believed that poor correlation, the primary reason,
can be traced back to a single source, namely the continuing inability to relate impedance

cardiography and its mathematical model directly to cardiac physiology.

[0095] The following are definitions and abbreviations of some of the terms used frequently
herein: Heart Rate (HR): the number of times the heart contracts each minute. Ventricular
Ejection Time (VET): the time interval of the opening and closing of aortic value during
which there is movement of blood out of a ventricle. Stroke Volume (SV): the volume of
blood pumped out by a ventricle (in particular the left ventricle) with each contraction of the
heart. Cardiac Output (CO): the amount of blood pumped out of the heart into the systemic
circulation each minute. Ejection Fraction (EF): the ratio SV/EDV, which is the percentage
of blood in a ventricle ejected with each contraction; it is directly related to the strength of
the heart with <50% considered abnormal. End Diastolic Volume (EDV): the volume of
blood that fills the ventricle before ejection. It would be desirable to determine heart rate
more accurately than can be determined using the cardiogram threshold method currently
employed. It further would be desirable to provide non-invasive, cardio graphic impedance
monitoring to estimate stroke volumes, cardiac outputs and related cardiac function
parameters which correlate more closely with the stroke volumes, cardiac outputs and the
like determined by means of recognized, accepted invasive procedures, but which does not
require of operators the technical skills required by current impedance cardiograph systems,
and does minimize discomfort to the patient on which the system is used, thereby permitting
relatively long-term monitoring of the patient's condition. The device and method disclosed
herein may use the above methods to perform hemodynamic monitoring of the patient using

the multiple frequency impedance and ECG voltage measurements.

[0096] Figures 17A and 17B are a front view and back view, respectively of a second
embodiment of a fluid impedance monitor 1700 that has a tablet computer form factor. The
monitor device 1700 may have a power button 1702 to turn on/off the device, a handle 1704
for easy carrying of the monitor device and a large display 1706 (with the tablet computer

form factor) that can display a lot of medical data clearly to the operator of the monitor
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device. The display may or may not be a touchscreen. In one embodiment, the device 1700

may be built around and based on an existing tablet computer.

[0097] The monitor device 1700 may also have a speaker for playing sound to the operator, a
set of status lights 1708 that show the status of the monitor device, such as for example
including power on/off, wireless network connection. The monitor device 1700 also may
have a navigation controller 1710 that allows the operator to control the functioning and
operations of the fluid monitor device 1700. In the example shown in Figure 17A, the
navigation controller may be a well-known D-pad controller. The monitor device 1700
performs the same hydration measurement and monitoring methods as described above for
the first embodiment and also measure/monitor cardiac signals and perform various methods

described below using the hydration data and the cardiac data.

Embodiments of Electrode Lead Array for Second Embodiment

[0098] Figure 18 illustrates a first implementation a single electrode lead array 1800 for the
monitor of Figures 17A and 17B when placed on a patient and Figure 19A 19B illustrates
more details of the single electrode lead array 1800 shown in Figure 18. The electrode lead
array 1800 may rest on the patient as shown in 18 and may be made of a suitable material.
The electrode lead array 1800 may have a first electrode 1802, a second electrode 1804, a
third electrode 1806 and a fourth electrode 1808 that are axially aligned, spaced apart, down
the body of the patient. The electrode may also have a connector at an end that allows a
wire/cord to be connected/disconnected to/from the electrode lead array to delivery signals to

the patient and receive signals from the body of the patient.

[0099] The electrode lead array 1800 and the electrodes 1802-1808 may be adhered to the
body of the patient to deliver signals (voltages and/or currents) to the patient and measure
signals of the patient (including hydration signals and cardiac signals. In one embodiment,
the first and fourth electrodes 1802, 1808 are current sources delivering current to the patient
and being located at opposite ends of the electrode lead array 1800, while the second and
third electrodes 1804, 1806 measure electrical potential from the body of the patient and are
preferably located adjacent to each current source. For example, a sinusoidal current may be
applied from the impedance measuring device 1700 to the first and fourth electrodes and the

monitor device may detect a differential electrical potential between the second and third
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electrodes to determine the impedance of the user from the detected differential electrical
potential. The electrodes 1802-1808 may be fixed along the electrode lead array 1800 and
their spacing relative to one another is also fixed and predetermined, with the first and second
electrodes 1802, 1804 being spaced a first pre-determined distance D1 apart, and the third
and fourth electrodes 1806, 1808 being spaced an equal pre-determined distance D2. The

pre-determined distances DI, D2 may be about five centimeters or about two inches.

[00100] The side of the electrode lead array 1800 that will rest against the body of the
patient may be pre-coated during manufacture with a contact adhesive. A removable,
adhesive protective film may be provided that is removed when the electrode lead array 1800
is being adhered to the patient. Preferably, the electrodes 1802-1808 may be coated with an
electrically conductive hydrogel which acts, along with the contact adhesive, and allows the

electrode lead array 1800 to releasably adhere to the user's skin.

[00101] As shown in Figure 19A and 19B, the electrode lead array 1800 may have a
connector 1900 that releasably connects to an electrical lead 1902 that has the electrodes
1802-1808 formed thereon. As shown in Figure 19B, each electrode 1802-1808 has its one
wire that connects the electrode to the connector 1900. In one embodiment, the electrode
lead array 1800 may have the one or more electrodes 1802-1808 formed on a conductive
trace pad layer 1904 that is adhered to/formed on a flexible layer 1906 that may be a Mylar

material.

[00102] Figure 20 illustrates an implementation of a dual electrode lead array 2000 for use
with the monitor of Figures 17A and 17B and Figure 21A 21B illustrates more details of the
dual electrode lead array 2000 shown in Figure 20. The dual electrode lead array 2000 is two
of the single electrode lead arrays 1800 placed and adhered to each side of the patient body
as shown in Figure 20. Each side of the dual electrode lead array 2000 has a same set of four
axially oriented electrodes 1802-1808 that has the same spacing and construction as
described above. As shown in Figure 21A, the dual electrode lead array 2000 has the same
connector 1900 (that electrically connects the lead array to the monitor device as is known),
but the connector accepts two leads 1902A, 1902B which one lead for each set of four
electrodes. As shown in Figure 21B, each side of the dual electrode lead array 2000 may be

made out of similar material as the single electrode lead array.
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[00103] Both the single and dual electrode lead array 1800, 2000 function to apply the
high frequency current, measure the resulting voltage changes and measure the differential
ECG voltages. The single electrode lead array 1800 may be used with the second
embodiment of the fluid monitor 1700 to perform hydration/fluid measuring and monitoring.
The dual electrode lead array 2000 may be used when hydration and cardiac signals

(differential ECG voltages) are being monitored and measured.

[00104] The dual electrode lead array 2000 is used for the ECG to provide the
triangulation and capture ECG voltages with enough ECG signal fidelity to satisfy the signal
processing requirements for fiducial landmark recognition as shown in Figure 21C to
determine the Z, Q, R, S, J, ST, T and new E points in the ECG signal for a patient . There
are cases where because of differences in anatomy and disease state where a bilateral
configuration produces the ECG fidelity needed with a 3 lead method. The Z point is the
isoelectric baseline of the ECG, while the Q wave is any negative deflection that precedes an
R wave. The Q wave represents the normal left-to-right depolarization of the intraventricular
septum. The R wave is the first upward deflection after the P wave and the R wave
represents early ventricular depolarization. The S wave is the first downward deflection of
the QRS complex that occurs after the R wave. The J point denotes the junction of the QRS
complex and the ST segment on the electrocardiogram (ECG), marking the end of
depolarization and beginning of repolarization. The ST segment encompasses the region
between the end of ventricular depolarization and beginning of ventricular repolarization on
the ECG. In other words, it corresponds to the area from the end of the QRS complex to the
beginning of the T wave. The T wave on an electrocardiogram (ECG) represents typically

ventricular repolarization The E point represents the end of the T wave.
[00105] The time relationships are defined as the following to be an acceptable signal.

B>Q:

2

C>R;

2

X>T,

ST>B;
X>E;

X>ST;
B>R;

2
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(X-C)>(C-B);

B is after ST segment;

B is before R;

B to C time greater than C to X time;

C is before R;

Xistoocloseto T;

X is too far from E; and

X is before ST.

[00106] Figure 22 illustrates a circuit board 2200 of the monitor 1700 housed in the
monitor housing shown in Figures 17A-17B that is capable of measuring/monitoring both
fluid signals (hydration) and cardiac signals of the patient when the dual electrode lead array
2000 is adhered to the patient (an example of the positions of the dual electrode lead array
2000 is shown in Figure 20). The circuit board may have an excitation portion 50 that
includes a multifrequency current source/signal generation circuits 52 and an amplifier and
filter portion 54. The signal generating circuitry 50 generates a stable excitation current (I)
using the current source subcircuit 52 includes a known constant current source (not
depicted) and clock oscillator (not depicted) to supply a current of about 1 mA or less,
preferably a.98.+/-0.01 mA, at a 100+/- .10 kHz and 5+/-1kHz preferably to the first and
fourth electrodes 1802, 1808 through an isolation transformer that may be part of the
amplifier and filter 54 through a connection cord to the patient electrode lead 1800, 2000.
The current source subcircuit 52 is configured to output a current of less than 4 mA under all
conditions including equipment component failure. The wave form of the current may be
sinusoidal with less than ten percent total harmonic distortion. Voltage values across two of
the four electrodes, such as the second and third electrodes 804, 806 are passed through an
amplifier and filter portion 64 that includes an isolation transformer connected to an
amplifier and low pass filter subcircuit. The low pass filter subcircuit functions to remove
extraneous electrical interference from ambient sources, for example, home appliances
operating on standard residential 60 Hz current. An example of a cut-off frequency of the
low pass filter sub circuit may be about 50 Hz. The base unit 1700 measures voltage
developed across detection electrodes 1804, 1806 when the excitation current source is

energized. The measured voltage level will be between about 18 millivolts and 104
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millivolts (to provide an anticipated range of impedance measurement of about 10 ohms to

50 ohms, at the 2 mA current).

[00107] The circuit 2200 further comprises a micro-controller 80 that is connected to the
patient interface (including the excitation circuits 50 and the impedance measurement portion
60) and a power supply 90. The microcontroller 80 may generate a wireless output 2212 of
the raw signals for data processing and display by a fluid monitor system 2220 that may be
coupled to the monitor device 1700 as shown. The fluid monitor system 2220 may be a
computer system having a plurality of lines of computer code/instructions that are executed
by a processor of the fluid monitor computer system 2220 to perform the data processing and
display of the patient monitoring data. The microcontroller 80 also may generate a USB
output 2214 of the raw signals for data processing and display by another computer system.
The USB output 2214 may be output to a tablet computer or other computer such as the fluid
monitor system 2220. The microcontroller may be any known microcontroller, such as a PIC
16F87 device, that controls generation of the excitation current and receives the filtered
voltage analog signal from the amplifier and low pass filter 64 at the input of an RMS to DC
converter 2202

[00108] The injected current may not generated for a short period of time (e.g. fifteen to
thirty seconds) after the start switch 28 is actuated to allow the user to settle into a quiescent
state. For example, the current may be injected into the patient for a predetermined period,
e.g. thirty seconds, to perform the measurement. Voltage values sampled and A.D converted
72 and received by the data acquisition circuitry 77 of the micro-controller 80 at a rate, such
as for example, of about five Hundred samples per second for all or most of the thirty second
period. Data analysis and storage circuitry of micro-controller 80 sums the counts generated
by the A/D converter 72, divides sum by the total number of samples taken to provide an
average voltage value which is converted into an impedance value. The algorithm used for
generating impedance in tenths of ohms is: averaged A/D counts*Gain+Offset, where in the
preferred circuit the Gain is 0.6112 and the Offset is 1.1074. Gain and Offset are based on the

electronics design and operating range and are used for all base units 20.

[00109] Although not shown in Figure 22, the circuit board 2200, the data analysis

circuitry also may control various displays 30, 32, and 34. The power supply 90 may have
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power management circuitry 82 that controls the generation and distribution of power in the
base unit circuitry 2200 to control operation of the system. Specific functions of the power
management circuitry 82 include a first function 82A of providing power to the processor
and a second function 82B of providing power to the analog electronics. A power supply 90
may be provided by conventional dry-cell batteries (not shown) or by an external power

adapter (not shown) connected to a conventional AC outlet.

[00110] The monitor device 1700 may be provided with a USB port that provides tablet
computer or PC connection) to work with logic level signals. There may also be a USB or
serial port and the timing for the serial data can be similar to RS232 signal or other

conventional data transfer format.

[00111] The monitor device 1700 also may have an output Stimulus Signal Source
Generation circuitry 2300, an example implementation of which is shown in Figure 23. The
stimulus output signal source is generated by a voltage sine wave 52 circuit whose frequency
is controlled by the MCU 80. The sine wave can be set to any frequency between 0 Hz to
12.5 MHz with high precision. This waveform is filtered to remove any DC bias prior to
being amplified and then converted to a constant current waveform. The conversion to a
current waveform is performed by an MCU controlled resistance value in calibration prior to
use on the patient. The monitor device 1700 also may have an input signal conditioning
circuitry 2400 with an example implementation shown in Figure 24. The patient probe return
signal 1s modified via a low pass filter and amplifier circuit with set gain characteristics. The
resulting signal is a primary sine wave voltage that is converted into its root-mean-square
(RMS) equivalent voltage. The RMS DC value is low pass filtered to ensure no high
frequency artifacts or system noise remain in the signal. The RMS DC value is amplified
again with fixed gain to ensure sufficient resolution during conversion to digital format and
output as ZOUT. The analog ZOUT signal is then converted to digital format by a high
precision analog-to-digital (ADC) converter. The resulting digital values are used by the
software to generate hemodynamic data. The ZOUT signal is also sent to a Differentiator

Circuit 2500 for further processing.

[00112] The differentiation circuitry 2500 of the monitor device 1700 (an example

implementation of which is shown in Figure 25) may transform the ZOUT signal to produce
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the time varying slope of the RMS return signal, dZ/dt. The resulting time differential signal
is amplified with variable gain that is controlled by the MCU. The resulting signal (dZ/dt) is
then amplified with fixed gain to ensure sufficient resolution during conversion to digital
format. This analog signal is then converted to digital format by a high precision analog-to-
digital (ADC) converter. The resulting digital values are used by the software to calculate

the hemodynamic parameters of the subject.

[00113] In these embodiments, the cardiac signal generation differs in that multiple
frequencies of current are being used (for the impedance measurement). Furthermore, unlike
typical system in which the well known ECG signals are used to determine a point in the
cardiac cycle (timing) to start the spectral analysis of the dZ/dt waveform, the measured ECG

signals are used for the timing, but also to determine the points Z,Q,R,S,ST, T and an new

2 2 2

point we call E, which is the end of the ECG T wave which must coincide with the X point

on the dZ/dt in order to be processed for the stroke volume calculation.

[00114] Figure 26 is a flowchart of a method 2600 for measuring impedance of a patient
using an electrode array and operably coupled impedance measuring device. An electrode
array for use with a physiological electronic monitor used to monitor electrical characteristics
of a user's body may be adhered (2602) to the patient. The method using a linear electrode
array lead including at least first, second, third, and fourth electrodes arranged sequentially
and axially along the linear electrode array lead (examples of which are shown in Figures 18-
21). The method then applies a sinusoidal current (2604) from the impedance measuring
device to the first and fourth electrodes (outer electrodes of the linear electrode array lead(s).
The method may then detect a differential electrical potential (2606) between the second and
third electrodes (middle electrodes of the linear electrode array lead(s)) with the impedance
measuring device. The impedance measuring device may process the signals received at the
middle electrodes. The method may then determine the impedance (2608) of the user from

the detected differential electrical potential.

[00115] Figure 27 illustrates more details of a method 2700 for measuring impedance of a
patient to calculate a numerical value of determined impedance on the impedance measuring
device. The method differentially amplifies and low pass filters (2702) voltages from the

second and third electrodes (middle electrodes). The method may then calculating the
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impedances by sampling (2704) the differentially amplified and low pass filtered voltage
from the second and third electrodes at predetermined intervals for a number of times and
adding the sampled voltages to generate a sum (2706). The method then divides the sum by
the number of times to provide an averaged voltage value (2708) and scales (2710) the
averaged voltage value and combining the scaled averaged voltage value with a

predetermined offset value to generate a numerical value of the differential impedance.

[00116] Figure 28 is a flowchart of a method 2800 for determining cardiac characteristics
based on bioimpedance including heart rate, heart stroke volume, and cardiac output signals
for the patient. The method digitally filters and phase corrects (2802) the bioimpedance
signal to remove gain-phase-frequency distortions and estimates (2804) heart rate using a
power spectrum of the bioimpedance signal and an auto-convolution function of the power
spectrum. The method suppresses breath waves (2806) to remove undesired power spectra
components and generate a bioimpedance signal of restored shape. The method then
determines (2802) one or more cardio cycles of the restored bioimpedance signal and
determines effective left ventricular ejection time (ELVET) using check points within said
cardio cycles. The method then discards (2810) at least some of said cardio cycles which
exhibit interference artifacts. The method may also locate points on a time-derivative
Bioimpedance curve for the Bioimpedance signal; and select the points which most

accurately reflect cardiac events.

[00117] Figure 29 is a flowchart of a method 2900 for estimating heart rate. The method
calculates (2902) a power spectrum of a bioimpedance signal (from a bioimpedance monitor
device) and multiplies (2904) the power spectrum by a selected amplitude-frequency
function to differentiate the signal. The method then suppresses breath harmonics and auto
convolutes the resulting power spectrum according to a formula (2906) and determines
(2908) a maximum amplitude value of auto convolution in a predefined frequency range as

an estimation of heart rate.

[00118] Figure 30 is a flowchart of a method 3000 for determining cardio cycles. The
method filters (3002) a bioimpedance signal from a bioimpedance monitor to emphasize
fronts (a beginning of each cardio cycle) of cardio cycles and calculates (3004) a time-

amplitude envelope of the cardio cycles by analyzing the first five harmonics of the powers



WO 2023/034387 PCT/US2022/042165
34

spectrum of the bioimpedance signal after filtration. The method then selects (3006) the
cardio cycle fronts by comparison with said calculated time-amplitude envelope and rejects
erroneously-detected fronts. In another embodiment, the method for discarding cardio cycles
exhibiting interference artifacts may also detect time and amplitude relations referencing
check points within individuals of a plurality of cardio cycles, compare the time and
amplitude relations between individuals of a plurality of cardio cycles and further examine
selected cardio cycles which exhibit the presence of artifact according to a plurality of
comparison criteria. In another aspect, a method for constructing a vector for each cardio
cycle and in particular a multi-dimensional vector for each selected cardio cycle. The
method compares the multi-dimensional vector with such vectors for other cardio cycles and

rejecting the cardio cycles with vectors having no neighboring vectors of other cardio cycles.

[00119] Figure 31 is a flowchart of a method 3100 of determining effective left ventricular
ejection time (ELVET). The method filters (3102) the bioimpedance signal (from a
bioimpedance monitor device) and suppresses (3104) breath waves in the filtered signals.
The method detects (3106) a cardio cycle, calculates (3108) the time derivative of the
bioimpedance signal and determines (3110) the maximum value of the time derivative. The
method then determines (3112) effective ejection start time, determines (3114) effective
ejection end time and calculates (3116) effective left ventricular ejection time (ELVET) as

change in time between effective ejection start time and end time.

[00120] Figure 32 is a flowchart of a method 3200 for determining stroke volume. The
method, using the bioimpedance monitor, determines (3202) specific blood resistivity (P) and
measures (3204) a distance L between two bioimpedance electrodes applied to the patient
and determines (3206) a base thoracic impedance Z. The method determines (3208) an
effective left ventricular ejection time (ELVET) and calculates stroke volume SV according
to the equation where K is a novel scale factor related to body composition of the patient. A
method of determining cardiac output as a product of stroke volume and heart rate is also

disclosed.

[00121] The foregoing description, for purpose of explanation, has been with reference to
specific embodiments. However, the illustrative discussions above are not intended to be

exhaustive or to limit the disclosure to the precise forms disclosed. Many modifications and
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variations are possible in view of the above teachings. The embodiments were chosen and
described in order to best explain the principles of the disclosure and its practical
applications, to thereby enable others skilled in the art to best utilize the disclosure and
various embodiments with various modifications as are suited to the particular use

contemplated.

[00122] The system and method disclosed herein may be implemented via one or more
components, systems, servers, appliances, other subcomponents, or distributed between such
elements. When implemented as a system, such systems may include and/or involve, inter
alia, components such as software modules, general-purpose CPU, RAM, etc. found in
general-purpose computers,. In implementations where the innovations reside on a server,
such a server may include or involve components such as CPU, RAM, etc., such as those

found in general-purpose computers.

[00123] Additionally, the system and method herein may be achieved via implementations
with disparate or entirely different software, hardware and/or firmware components, beyond
that set forth above. With regard to such other components (e.g., software, processing
components, etc.) and/or computer-readable media associated with or embodying the present
inventions, for example, aspects of the innovations herein may be implemented consistent
with numerous general purpose or special purpose computing systems or configurations.
Various exemplary computing systems, environments, and/or configurations that may be
suitable for use with the innovations herein may include, but are not limited to: software or
other components within or embodied on personal computers, servers or server computing
devices such as routing/connectivity components, hand-held or laptop devices,
multiprocessor systems, microprocessor-based systems, set top boxes, consumer electronic
devices, network PCs, other existing computer platforms, distributed computing

environments that include one or more of the above systems or devices, etc.

[00124] In some instances, aspects of the system and method may be achieved via or
performed by logic and/or logic instructions including program modules, executed in
association with such components or circuitry, for example. In general, program modules
may include routines, programs, objects, components, data structures, etc. that perform

particular tasks or implement particular instructions herein. The inventions may also be
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practiced in the context of distributed software, computer, or circuit settings where circuitry
is connected via communication buses, circuitry or links. In distributed settings,
control/instructions may occur from both local and remote computer storage media including

memory storage devices.

[00125] The software, circuitry and components herein may also include and/or utilize one
or more type of computer readable media. Computer readable media can be any available
media that is resident on, associable with, or can be accessed by such circuits and/or
computing components. By way of example, and not limitation, computer readable media
may comprise computer storage media and communication media. Computer storage media
includes volatile and nonvolatile, removable and non-removable media implemented in any
method or technology for storage of information such as computer readable instructions, data
structures, program modules or other data. Computer storage media includes, but is not
limited to, RAM, ROM, EEPROM, flash memory or other memory technology, CD-ROM,
digital versatile disks (DVD) or other optical storage, magnetic tape, magnetic disk storage or
other magnetic storage devices, or any other medium which can be used to store the desired
information and can accessed by computing component. Communication media may
comprise computer readable instructions, data structures, program modules and/or other
components. Further, communication media may include wired media such as a wired
network or direct-wired connection, however no media of any such type herein includes
transitory media. Combinations of the any of the above are also included within the scope of

computer readable media.

[00126] In the present description, the terms component, module, device, etc. may refer to
any type of logical or functional software elements, circuits, blocks and/or processes that
may be implemented in a variety of ways. For example, the functions of various circuits
and/or blocks can be combined with one another into any other number of modules. Each
module may even be implemented as a software program stored on a tangible memory (e.g.,
random access memory, read only memory, CD-ROM memory, hard disk drive, etc.) to be
read by a central processing unit to implement the functions of the innovations herein. Or, the
modules can comprise programming instructions transmitted to a general-purpose computer
or to processing/graphics hardware via a transmission carrier wave. Also, the modules can be

implemented as hardware logic circuitry implementing the functions encompassed by the
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innovations herein. Finally, the modules can be implemented using special purpose
instructions (SIMD instructions), field programmable logic arrays or any mix thereof which

provides the desired level performance and cost.

[00127] As disclosed herein, features consistent with the disclosure may be implemented
via computer-hardware, software, and/or firmware. For example, the systems and methods
disclosed herein may be embodied in various forms including, for example, a data processor,
such as a computer that also includes a database, digital electronic circuitry, firmware,
software, or in combinations of them. Further, while some of the disclosed implementations
describe specific hardware components, systems and methods consistent with the innovations
herein may be implemented with any combination of hardware, software and/or firmware.
Moreover, the above-noted features and other aspects and principles of the innovations
herein may be implemented in various environments. Such environments and related
applications may be specially constructed for performing the various routines, processes
and/or operations according to the invention or they may include a general-purpose computer
or computing platform selectively activated or reconfigured by code to provide the necessary
functionality. The processes disclosed herein are not inherently related to any particular
computer, network, architecture, environment, or other apparatus, and may be implemented
by a suitable combination of hardware, software, and/or firmware. For example, various
general-purpose machines may be used with programs written in accordance with teachings
of the invention, or it may be more convenient to construct a specialized apparatus or system

to perform the required methods and techniques.

[00128]  Aspects of the method and system described herein, such as the logic, may also be
implemented as functionality programmed into any of a variety of circuitry, including
programmable logic devices ("PLDs"), such as field programmable gate arrays ("FPGAs"),
programmable array logic ("PAL") devices, electrically programmable logic and memory
devices and standard cell-based devices, as well as application specific integrated circuits.
Some other possibilities for implementing aspects include: memory devices, microcontrollers
with memory (such as EEPROM), embedded microprocessors, firmware, software, etc.
Furthermore, aspects may be embodied in microprocessors having software-based circuit
emulation, discrete logic (sequential and combinatorial), custom devices, fuzzy (neural)

logic, quantum devices, and hybrids of any of the above device types. The underlying device
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technologies may be provided in a variety of component types, e.g., metal-oxide
semiconductor field-effect transistor ("MOSFET") technologies like complementary metal-
oxide semiconductor ("CMOS"), bipolar technologies like emitter-coupled logic ("ECL"),
polymer technologies (e.g., silicon-conjugated polymer and metal-conjugated polymer-metal

structures), mixed analog and digital, and so on.

[00129] It should also be noted that the various logic and/or functions disclosed herein
may be enabled using any number of combinations of hardware, firmware, and/or as data
and/or instructions embodied in various machine-readable or computer-readable media, in
terms of their behavioral, register transfer, logic component, and/or other characteristics.
Computer-readable media in which such formatted data and/or instructions may be embodied
include, but are not limited to, non-volatile storage media in various forms (e.g., optical,
magnetic or semiconductor storage media) though again does not include transitory media.
Unless the context clearly requires otherwise, throughout the description, the words

"comprise," "comprising," and the like are to be construed in an inclusive sense as opposed to
an exclusive or exhaustive sense; that is to say, in a sense of "including, but not limited to."
Words using the singular or plural number also include the plural or singular number

respectively. Additionally, the words "herein," "hereunder," "above," "below," and words of
similar import refer to this application as a whole and not to any particular portions of this
application. When the word "or" is used in reference to a list of two or more items, that word
covers all of the following interpretations of the word: any of the items in the list, all of the

items in the list and any combination of the items in the list.

[00130] Although certain presently preferred implementations of the invention have been
specifically described herein, it will be apparent to those skilled in the art to which the
invention pertains that variations and modifications of the various implementations shown
and described herein may be made without departing from the spirit and scope of the
invention. Accordingly, it is intended that the invention be limited only to the extent required

by the applicable rules of law.

[00131] While the foregoing has been with reference to a particular embodiment of the

disclosure, it will be appreciated by those skilled in the art that changes in this embodiment
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may be made without departing from the principles and spirit of the disclosure, the scope of

which is defined by the appended claims.
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What is claimed is:
1. A method for measuring patient characteristics, the method comprising:

generating, by a current source in a fluid monitor device, two excitation signals each

having a different frequency;

delivering, by an electrode lead array having multiple electrodes configured to adhere

to a patient, the two excitation signals;

receiving, at the fluid monitor device through the electrode lead array, two

bioimpedance signals from the patient based on the two excitation signals; and

monitoring, by the fluid monitor device, a hydration state and a cardiac state that are

generated from the two bioimpedance signals.

2. The method of claim 1, wherein monitoring the hydration state further
comprises monitoring the excitation signal having a lower frequency to determine

extracellular hydration, wherein the lower frequency is less than 15 kHz.

3. The method of claim 2, wherein monitoring the hydration state further
comprises monitoring the excitation signal having a higher frequency to determine

extracellular and intracellular hydration, wherein the higher frequency is greater than 15 kHz.

4. The method of claim 1, wherein the electrode lead array has four axially aligned
electrodes and wherein delivering the two excitation signals and receiving the two bioimpedance
signals further comprises delivering the two excitation signals using a first electrode and a fourth
electrode of the axially aligned electrodes and receiving the two bioimpedance signals using a

second and third electrodes of the axially aligned electrodes.

5. The method of claim 1, wherein the cardiac state is one of a heart rate, a heart

stroke volume, a cardiac output and a cardiac cycles signal.

6. The method of claim 4, wherein generating the two excitation signals further
comprising generating two sinusoidal excitation signals and wherein receiving the two
bioimpedance signals further comprises detecting a differential electrical potential between the
second and third electrodes and determining, by the fluid monitor device, the bioimpedance of

the patient from the detected differential electrical potential.
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7. The method of claim 6, wherein detecting the differential electrical potential
further comprises differentially amplifying and low pass filtering voltages from the second and
third electrodes, and wherein the determining the bioimpedance further comprises sampling the
differentially amplified and low pass filtered voltage from the second and third electrodes at
predetermined intervals for a number of times, adding the sampled voltages to generate a sum,
dividing the sum by the number of times to provide an averaged voltage value; scaling the
averaged voltage value and combining the scaled averaged voltage value with a predetermined

offset value to generate a numerical value of the differential impedance.

8. The method of claim 1, wherein monitoring the cardiac state further comprises
digitally filtering and phase correcting the bioimpedance signal to remove gain-phase-frequency
distortions; estimating a heart rate using a power spectrum of the bioimpedance signal and an
auto-convolution function of the said power spectrum; suppressing breath waves to remove
undesired power spectra components to generate a bioimpedance signal of restored shape;
determining cardio cycles of said restored Bioimpedance signal; determining effective left
ventricular ejection time (ELVET) using check points within said cardio cycles and discarding at

least some of said cardio cycles which exhibit interference artifacts.

9. The method of claim 1, wherein monitoring the cardiac state further comprises
determining an effective left ventricular ejection time (ELVET) that further comprises locating
points on a time-derivative bioimpedance curve for the bioimpedance signal and selecting the

located points which most accurately reflect cardiac events.

10. The method of claim 1, wherein monitoring the cardiac state further comprises
estimating heart rate by calculating a power spectrum of the bioimpedance signal, multiplying the
power spectrum by a selected amplitude-frequency function to differentiate the signal and
suppress breath harmonics; auto convoluting the resulting power spectrum and determining a
maximum amplitude value of auto convolution in a predefined frequency range as an estimation

of heart rate.

11. The method of claim 1, wherein monitoring the cardiac state further comprises
determining cardio cycles by filtering the bioimpedance signal to emphasize fronts of cardio
cycles; calculating a time-amplitude envelope of the cardio cycles by analyzing the first five

harmonics of a powers spectrum of the bioimpedance signal after filtration; selecting cardio cycle
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fronts by comparison with said calculated time-amplitude envelope; and rejecting erroneously-

detected fronts.

12. The method of claim 11, wherein determining cardio cycles further comprises
discarding cardio cycles exhibiting interference artifacts by detecting time and amplitude
relations referencing check points within individuals of the cardio cycles; comparing the time and
amplitude relations between individuals of the cardio cycles and examining selected cardio

cycles which exhibit the presence of artifact according to a plurality of comparison criteria.

13. The method of claim 11, wherein determining cardio cycles further comprises
constructing a multi-dimensional vector for each selected cardio cycle; comparing said multi-
dimensional vector with such vectors for other cardio cycles and rejecting the cardio cycles with

vectors having no neighboring vectors of other cardio cycles.

14. The method of claim 1, wherein monitoring the cardiac state further comprises
determining effective left ventricular ejection time (ELVET) that comprises filtering the
bioimpedance signal and suppressing breath waves; detecting a cardio cycle; calculating a time
derivative of the bioimpedance signal; determining a maximum value of the time derivative;
determining an effective ejection start time; determining an effective ejection end time and
calculating an effective left ventricular ejection time as change in time between effective ejection

start time and end time.

15. The method of claim 1, wherein monitoring the cardiac state further comprises
determining a stroke volume by determining specific blood resistivity (P); measuring a distance L
between two electrodes that receive the bioimpedance patient signals; determining a base
thoracic impedance Z.; determining effective left ventricular ejection time (ELVET); and
calculating stroke volume (SV) according to an equation where K 1s a novel scale factor related

to body composition of the patient.

16. The method of claim 1, wherein monitoring the cardiac state further comprises
determining cardiac output as a product of stroke volume and heart rate.

17. A monitoring device, comprising:

an electrode lead array configured to be adhered to a patient that provides two
excitation signals to the patient and receives bioimpedance patient signals in response to

excitation signals;
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a monitor device, couplable to the electrode lead array, having a processor connected
to a patient interface wherein the patient interface generates the two excitation signals and

receives the bioimpedance patient signals;

the processor having a plurality of lines of instructions that configure the processor

to:

generate a hydration signal for the patient based on the bioimpedance patient

signals;

generate a cardiac signal for the patient based on the bioimpedance patient

signals; and

monitor a hydration state and a cardiac state of the patient based on the hydration

signal and the cardiac signal.

18. The monitoring device of claim 17 further comprising a second electrode lead
array configured to be adhered to a patient that injects the two excitation signals into the
patient and receives the bioimpedance patient signals in response to excitiation signals,
wherein the electrode lead array and the second electrode lead array are positionable

lengthwise along each side of a chest of the patient.

19.  The monitoring device of claim 17, wherein the two excitation signals are a

5kHz sinusoidal signal and a 100 kHz sinusoidal signal

20.  The monitoring device of claim 18, wherein each electrode lead array further
comprises four axially aligned electrodes, wherein the excitation signals are provided using a
first electrode and a fourth electrode of the four axially aligned electrodes and the
bioimpedance patient signals are received using a second electrode and a third electrode of

the four axially aligned electrodes.

21.  The monitoring device of claim 17, wherein the monitor device is battery

powered.
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