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7 ABSTRACT

An apparatus and method is provided that determines a con-
nection quality of an electrode to a patient. A current source is
connected to a first electrode and a switch is connected to a
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trode to ground. A processor is connected to the first electrode
Int. CL and a third electrode and the processor detects a voltage
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1
PATIENT ELECTRODE IMPEDANCE
MEASUREMENT

The present application is a 35 USC §371 national stage
application of International Application No. PCT/US2011/
061354, filed Nov. 18, 2011, the entirety of which is incor-
porated herein by reference.

FIELD OF THE INVENTION

This invention concerns a system and method for patient
monitoring devices and, more specifically, for measuring the
impedance of an electrode from a set of electrodes connected
to a patient to determine a connection quality associated with
the electrode.

BACKGROUND OF THE INVENTION

In the course of providing healthcare to patients, it is nec-
essary to monitor vital statistics and other patient parameters.
A plurality of different patient monitoring devices are able to
selectively monitor the electrical impulses generated by a
patient via at least one electrode that is coupled to the skin of
the patient at particular locations on the body of the patient.
One type of patient monitoring device is an electrocardio-
gram (ECG) monitor. The ECG monitor is connected to the
patient by a plurality of electrodes that monitor the electrical
impulses of the patient’s heart. In order for the ECG monitor
to effectively monitor the electrical impulses of the patient,
the electrodes conventionally include a conductive gel that is
embedded in an adhesive pad. Wires from the monitor are
selectively connected to the electrode in order to communi-
cate voltages detected thereby to the ECG monitoring device
to provide a healthcare practitioner with data regarding the
patients heart function. A problem exists when the conducting
gel degrades or the electrode otherwise dislodges itself from
the patient. This results in noise in the signal being monitored.
The connection quality for each lead is conventionally mea-
sured by cycling through each lead and identifying a resis-
tance associated with the lead. However, a drawback associ-
ated with this is that this measurement is performed prior to
monitoring the patient. It is therefore desirable to determine
the connection quality for each electrode connected to a
patient during the course of monitoring the patient. A system
according to invention principles addresses deficiencies of
known systems.

SUMMARY OF THE INVENTION

In one embodiment, an apparatus is provided that deter-
mines a connection quality of an electrode to a patient. A
current source is connected to a first electrode and a switch is
connected to a second electrode for selectively connecting the
second electrode to ground. A processor is connected to the
first electrode and a third electrode and the processor detects
a voltage difference between the first electrode and the third
electrode upon application of a current to the first electrode by
the current source to determine connection quality data for
the first electrode.

In another embodiment a method of determining a connec-
tion quality of an electrode connected to a patient is provided.
The method includes connecting a first electrode of a plurality
of electrodes to a processor, connecting a second electrode of
a plurality of electrodes to ground and connecting a third
electrode of a plurality of electrodes to the processor. A cur-
rent is applied from a current source to the first electrode and
a voltage difference between the first electrode and a third
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electrode is detected. Connection quality data of the first
electrode is determined using the voltage difference between
the first and third electrode.

In a further embodiment, an ECG monitoring apparatus
that that determines a connection quality of an electrode
connected to a patient is provided. A plurality of electrodes
are coupled to a patient, each of said plurality of electrodes
senses electrical impulses representing at least one patient
parameter from the patient. A current source selectively con-
nects the plurality of electrodes and selectively applies a
current to any of the plurality of electrodes. A processor
receives electrical impulses from the patient via the plurality
of electrodes and calculates connection quality data for
respective ones of the plurality of electrodes. A plurality of
switches is provided, each switch is connected to a respective
one of the plurality of electrodes and the processor and mov-
able between a first position connecting a respective electrode
to the processor and a second position connecting the respec-
tive electrode to ground. A first switch connects an electrode
being monitored to the processor, and a second switch con-
nects a second electrode to the processor. At least one other of
the plurality of switches connects respective ones of the plu-
rality of electrodes to ground. The processor detects a voltage
difference between the first electrode and the second elec-
trode upon application of a current to the first electrode by the
current source to determine connection quality data for the
first electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary block diagram of the patient elec-
trode impedance measurement apparatus according to inven-
tion principles;

FIG. 2 depicts an exemplary circuit diagram of an ECG
monitor connected to a patient according to invention prin-
ciples;

FIG. 3 is an exemplary circuit diagram of the patient elec-
trode impedance measurement apparatus according to inven-
tion principles;

FIG. 4 is an exemplary circuit diagram of the patient elec-
trode impedance measurement apparatus according to inven-
tion principles;

FIG. 5 is an exemplary circuit diagram of the patient elec-
trode impedance measurement apparatus according to inven-
tion principles;

FIG. 6 is a flow diagram detailing the operation of the
patient electrode impedance measurement apparatus accord-
ing to invention principles; and

FIG. 7 is a flow diagram detailing the operation of the
patient electrode impedance measurement apparatus accord-
ing to invention principles

DETAILED DESCRIPTION

The patient electrode impedance measurement apparatus
(hereinafter “apparatus”) automatically measures and calcu-
lates the impedance at the interface between the electrode and
the patient. During the course of monitoring the electrical
impulses of the patient, the apparatus advantageously pro-
vides a user (e.g. healthcare practitioner, doctor, nurse, etc.)
with a measurement of the connection quality of the electrode
to the patient. Connection quality data for a particular elec-
trode is automatically determined using three electrodes that
are connected to the patient being monitored. The connection
quality data of an electrode is calculated by obtaining a volt-
age difference between a first electrode having a current
applied thereto and a second electrode each connected to an
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amplifier. The third electrode in the arrangement is connected
to ground such that the current (DC current) applied to the
first electrode flows through the first electrode, through the
patient and through the third electrode to ground. The ampli-
fier determines the voltage difference between the first elec-
trode and the second electrode and calculates an impedance
by dividing the voltage difference between the first and sec-
ond electrodes by the current applied to the first electrode.
The resulting impedance is automatically compared to
threshold impedance values to determine a connection qual-
ity whereby a lower impedance correlates to a stronger con-
nection at the electrode/patient interface. The apparatus fur-
ther advantageously enables a user to determine the
connection quality of particular electrodes in order to identify
which lead may be used as the drive lead. Typically, the drive
lead is the lead with the strongest connection and identifying
connection quality data for all leads advantageously provides
healthcare practitioners with the flexibility to change the
drive lead. The apparatus provides a further advantage by
identifying the connection quality of electrodes to select a
lead combination that provides highest quality ECG data.
Moreover, the connection quality data provided by the appa-
ratus enables a user to determine what combination of ECG
leads may be used at a given time. Connection quality data
may be acquired at startup and initial application of the elec-
trodes to the patient as well as during the monitoring process.

FIG. 1 is a block diagram of an exemplary patient moni-
toring device 11 that selectively monitors electrical impulses
from a patient via a plurality of electrodes 14a-n that are
connected to predetermined locations on the patient using a
conductive gel and an adhesive. While electrodes 14a-r are
shown herein, it should be appreciated that any number of
electrodes may be used to monitor the electrical impulses of
the patient and the number of electrodes 14 employed
depends on the type of data being monitored by the monitor-
ing device 11. In one embodiment, the patient monitoring
device is an ECG monitor and the plurality of electrodes may
include limb leads and chest leads. One skilled in the art
understands that the limb leads include electrodes positioned
on the right arm (RA), left arm (LA), right leg (RL) and left
leg (LL). Of these electrodes, RA, LA and LL are generally
designated primary leads and RL is generally the drive lead
that provides the patient drive signal derived from any of the
primary leads (or combination of primary leads). Addition-
ally, the chest leads are known to include electrodes V-V
positioned at predetermined locations on the chest of the
patient in a known manner. The manner in which the moni-
toring device monitors the electrical impulses to generate and
output ECG waveforms is known and is not germane to the
present invention and will not be discussed further.

The monitoring device 11 includes a control processor 18
that includes control logic to control the operation of the
monitoring device 11. The control logic includes algorithms
for monitoring the electrical impulses of a patient to produce
patient parameter data (e.g. ECG waveform). The control
processor 18 is connected to a multiplexer 16 which enables
bidirectional communication between the electrodes 14a-14r
on the patient and the monitoring device 11. A drive signal
generator 20 is connected between the control processor 18.
The drive signal generator 20 generates and provides a drive
signal (reference voltage) to an electrode designated as the
drive lead and is connected to the multiplexer 16 via switch
19. For purposes of example, electrode 144 may be consid-
ered the drive lead. However, one skilled in the art will rec-
ognize that any electrode may be designated as the drive lead.
The switch 19 is responsive to a control signal generated by
the control processor 18 and is moveable between a first open
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position disconnecting the drive signal generator 20 from the
multiplexer 16 and placing the drive signal generator in an
inactive state whereby no patient drive signal is provided and
a second closed position which completes a circuit between
the control processor 18 and multiplexer 16 via the drive
signal generator 20 placing the drive signal generator 20 in an
active state and providing a patient drive signal via the patient
drive electrode 14d. In another embodiment, the switch 19 is
either absent or positioned within the drive signal generator
20 such that the control processor 18 may selectively provide
a drive control signal to the drive signal generator 20 that
controls whether or not the drive signal generator 20 is inac-
tive (no patient drive signal is provided to the multiplexer 16)
or active (patient drive signal is provided to the multiplexer
16).

An instrumentation amplifier 22 is connected between the
control processor 18 and the multiplexer 16 and compares a
voltage difference between two electrodes connected to the
patient 12. The instrumentation amplifier 22 provides voltage
differential data to the control processor 18 for use in calcu-
lating an impedance on a respective one of the plurality of
electrodes 14a-14n connected to the patient. A current gen-
erator 24 is also connected between the control processor 18
and the multiplexer 16. The control processor 18 causes the
current generator to apply a predetermined current to a
selected one of the electrodes 14a-14n to determine the
impedance of the selected electrode.

In operation, the control processor 18 selectively deter-
mines connection quality data for each electrode 14a-14r
connected to the monitoring device 11. The connection qual-
ity data may be determined at start up and initial connection of
the electrodes 14a-14 to the patient or during monitoring of
the patient. In either instance, the control processor 18 causes
the switch 19 to move into the open position disconnecting
the drive signal generator 20 from the multiplexer 16 and
preventing a patient drive signal to be provided on the patient
drive lead. The control processor 18 identifies and selects a
first electrode 14a from the set of electrodes to determine the
quality of the connection to the patient and identifies and
selects a second electrode 145 as a comparison electrode. The
control processor 18 further configures a third electrode 14¢
to be connected to ground. The configuration of the electrodes
as discussed above is performed by switches in the multi-
plexer in a known manner. Upon identifying and selecting the
electrode on which the connection quality data measurement
is to be performed, the current generator 24 is configured to
apply a current to the selected electrode 14a. Current flows
through the first electrode 14, through the patient and
through the third electrode 14¢ to ground. As the current flows
through the patient, a voltage on the first selected electrode
14a and the second comparison electrode 145 is sensed. The
control processor 18 automatically calculates a voltage dif-
ference between the selected electrode 14a and the compari-
son electrode 145 and the impedance of the selected electrode
is calculated by dividing the voltage difference by the current
applied to the selected electrode. The resulting electrode
impedance is compared to a threshold impedance to produce
connection quality data for the selected electrode. If the
resulting electrode impedance is below the threshold level,
the connection quality is good whereas if the resulting imped-
ance 1s equal to or greater than the threshold level, the con-
nection quality is poor. For example, electrode impedance
may range between 50 kns and several mega ohms, whereby
a lower impedance indicates a higher quality of the connec-
tion at the patient/electrode interface. In one embodiment,
there may be a scale of connection quality data identifiers
that, based on the resulting impedance, provide a user with a
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greater level of information about the connection quality
beyond “good” and “poor”. While measurement of connec-
tion quality data is described for the first electrode as the
selected electrode, one skilled in the art will appreciate that
these configurations may be employed for any three elec-
trodes connected to the patient in a like manner.

The monitoring device 11 further includes an alarm 26, a
communication processor 28 and a display 30 each connected
to the control processor 18. Upon determining connection
quality data of a selected electrode 144, the control processor
18 may provide the connection quality data for output to a
user. In one embodiment, should the connection quality data
determined for the selected electrode indicate the connection
is poor, the control processor 18 may automatically cause an
alarm 26 to be issued. The alarm may be any of atactile, audio
or visual alarm (or any combination thereof) that notifies a
healthcare practitioner that the connection of at least one
electrode is poor thereby enabling the healthcare practitioner
to rectify the connection to the patient to ensure high quality
patient monitoring. In another embodiment, the connection
quality data for each electrode can be collected and provided
to a communication processor 28 for communicating the
connection quality data to a remote system. The communica-
tion processor 28 may be connected to a communication
network (wired or wireless) and transmit connection quality
data to a patient management system for inclusion in a patient
record. The communication processor 28 may employ known
communication protocols to communicate over cellular net-
works, local area network and/or wide area networks. In a
further embodiment, connection quality data may be used to
modify a display image on a display device. For example, the
control processor 18 may generate a connection quality indi-
cator to be associated with each electrode and display the
connection quality indicator on the display 30. In the event
that the connection quality is good, the connection quality
indicator may be displayed in a first format or style. If the
connection quality is ever determined to be poor, the control
processor 18 may cause the connection quality indicator to
change to adifferent format or style that notifies a user that the
connection quality is poor. The manner in which the connec-
tion quality data may be used is described for purposes of
example only and the connection quality data may be used for
any purpose to provide patient care.

In another embodiment, the patient monitoring device may
be an Electroencephalograph monitor (EEG) that senses the
electrical activity along the scalp to measure voltage fluctua-
tions resulting from ionic current flows within the neurons of
the brain. In this embodiment, the principles described above
may be applied in a similar manner whereby the connection
quality of individual electrodes connected to the patient’s
scalp may be determined. However, the current applied to the
electrode being measured in the case of an EEG may be an AC
current as opposed to a DC current.

FIG. 2 is a circuit diagram showing the monitoring device
11 of FI1G. 1 and the connection of the primary electrodes and
drive electrodes to a patient. As shown herein the monitoring
device is an ECG monitor and the electrodes LA, RA and LL
are the primary electrodes and RL is a the drive electrode. The
RL electrode is coupled to the drive signal generator 20 that
provides the patient drive signal viathe RL electrode. Each of
electrodes LA, RA and LL are connected to the drive signal
generator 20 via respective unity gain buffer amplifiers 202a-
202¢. The unity gain amplifiers 202a-202¢ receive the volt-
ages sensed by the monitoring device 11 which may be used
individually or collectively as the sensed voltages that regu-
late the drive signal generator 20 over electrode RL.
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A series of amplifiers 204, 206 and 208 are provided and
are used to measure the voltage differences between respec-
tive primary leads comprised of electrodes LA, RA and LL.
Each amplifier 204, 206 and 208 includes a positive input and
a negative input to which the electrodes are connected. The
polarity of these inputs is relevant to the monitoring of elec-
trical impulse data, the purpose and configuration of which
are known to one skilled in the art. The LA electrode is
coupled to a positive input of a first amplifier 204 and a
positive input of the second amplifier 206. The RA electrode
is coupled to a negative input of the first amplifier 204 and a
negative input of the third amplifier 208. The LL electrode is
coupled to a negative input of the second amplifier 206 and a
positive input of the third amplifier 208. Additionally, each of
the electrodes LA, RA, LL and RL include an electrode
resistance 201a-201d and an input resistance 203a-203d. The
electrode resistance 201a-201d represents the resistance
associated with securing the electrode to the patient and the
input resistance 203¢-203d is a fixed resistance (~20-50KQ)
which provides protection for the monitoring device during
defibrillation. This configuration advantageously enables
determination of the voltage differences between each of the
electrodes in the manner discussed below.

FIG. 3 is a circuit diagram showing the connection of
electrodes LA, RA, LL to the amplifiers 204, 206 and 208
(e.g. instrumentation amplifiers) to show how the apparatus
calculates electrode connection quality data. The LA elec-
trode is connected to the positive input of the first amplifier
204 via a first switch 304a. The first switch 304qa is movable
between a first position connecting the LA electrode to the
positive input of the first amplifier 204 and a second position
connecting the LA electrode to ground 306a. The LA elec-
trode is also connected to the positive input of the second
amplifier 206 by a third switch 304¢. The third switch 304c¢ is
movable between a first position connecting the LA electrode
to the positive input of the second amplifier 206 and a second
position connecting the LA electrode to ground 3065.

The RA electrode is connected to the negative input of the
first amplifier 204 via a second switch 3044. The second
switch 3045 is movable between a first position connecting
the RA electrode to the negative input of the first amplifier
204 and a second position connecting the RA electrode to
ground 306a. The RA electrode is also connected to the
negative input of the third amplifier 208 by a sixth switch
304/ The sixth switch 304f'is movable between a first posi-
tion connecting the RA electrode to the negative input of the
third amplifier 208 and a second position connecting the RA
electrode to ground 3065.

The LL electrode is connected to the negative input of the
second amplifier 206 via a fourth switch 3044. The fourth
switch 3044 is movable between a first position connecting
the LL electrode to the negative input of the second amplifier
206 and a second position connecting the LL electrode to
ground 3065. The LL electrode is also connected to the posi-
tive input of the third amplifier 208 by a fifth switch 304e. The
fifth switch 304e is movable between a first position connect-
ing the LL electrode to the positive input of the third amplifier
208 and a second position connecting the LL electrode to
ground 306c¢.

A current source 302a-302f1s coupled to the wire connect-
ing the electrode to the patient. The current source applies a
fixed current (~10 nanoamps) to a respective one of the elec-
trodes for which a connection quality measurement is desired.
As shown herein, each of the switches 304a-f are shown
connecting their respective electrodes to their respective
inputs on amplifiers 204, 206 and 208. This configuration
indicates that the ECG monitoring device is monitoring the
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electrical signals of the patient to generate an ECG waveform
in aknown manner. Alternatively, a single current source may
be connected to each of the electrodes through a multiplexer/
switch which selectively (or sequentially) applies the current
to one of the electrodes.

FIG. 4 is a circuit diagram showing the configuration of the
switches described in FIG. 3 when connection quality data is
sought for electrode LA. When the control processor 18 (FIG.
1) identifies and selects an electrode to determine the connec-
tion quality thereof, the control processor 18 disables the
drive signal generator 22 (FIG. 2). Although not shown
herein, upon disabling the drive signal generator electrode RL
becomes a conventional input lead, the impedance of which
may be measured as discussed below. The first switch 3044
and the third switch 304c¢ are caused to connect the LA elec-
trode with the positive inputs of the first and second amplifiers
204 and 206, respectively. The second switch 3045 is caused
to connect the RA electrode to the negative input of the first
amplifier 204 and the fourth switch 3044 is caused to connect
the LL electrode to ground 3065. The control processor 18
causes the current source 302ato apply a current (I) to the LA
electrode. Current (1) flows in the direction indicated by the
arrow labeled with reference numeral 402. Current (I) flows
through the LA electrode, through the patient and back to
ground via the LL electrode. As current flows, voltage at the
LA electrode and the RA electrode are input to the first
amplifier 204 which calculates the voltage difference
between the LA electrode and the RA electrode represented
in FIG. 4 as (V). The control processor calculates the imped-
ance at the LA electrode by dividing the voltage difference
between LA and RA electrodes by the current (I).

While the measurement of the LA electrode is described
herein, one skilled in the art will appreciate how the respec-
tive switches may be configured to derive connection quality
data for each lead. For example, to determine connection
quality data for the RA electrode, the switch configuration
would be the same as discussed above with the exception that
the current source 3025 as shown in FIG. 2 would be used to
apply the current to the RA electrode. The current flows
through the RA electrode, through the patient and back to
ground via the LL electrode. The voltage difference (V)
would be calculated between the RA electrode and the LA
electrode and the impedance of RA is calculated by dividing
the voltage difference between RA and LA by the current
applied to the RA electrode. Other similar switch configura-
tions are readily discernable by a person skilled in the art.

The calculated impedance at the LA electrode may be
transformed into connection quality data by comparing the
calculated impedance with a threshold impedance value
whereby a lower calculated impedance corresponds to a
higher quality connection between the electrode and the
patient. The connection quality data advantageously provides
a user with information regarding non-driven leads allowing
the user to identify which non-driven leads could be used as
driven leads if needed. Additionally, the connection quality
data further advantageously provides the healthcare practitio-
ner with information that allows the practitioner (or control
processor 18) to select which electrode combinations should
be used to provide ECG lead data.

FIG. 5 is a circuit diagram of another embodiment of the
apparatus according to invention principles. FIG. 5 shows, in
addition to the primary electrodes discussed above in FIGS.
2-4, a set of non-primary electrodes 504. In the case of an
ECG monitoring setup, the non-primary electrodes may
include at least one of the driven lead (RL) and any combi-
nation of the chest electrodes V1-V6. In this embodiment, the
set of non-primary electrodes includes electrodes 503, 505
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and 507. Additionally, for purposes of simplicity the switches
connect the electrodes 503, 505 and 507 to either respective
inputs of an amplifier or a ground are not shown. However,
these switches are present and connect the respective non-
primary electrodes to amplifiers 508, 510, and 512 in a like
manner. Additionally, a unity gain buffer 506 conveys the
reference voltage derived from the primary electrodes to the
negative input of each amplifier 508, 510 and 512. This ref-
erence voltage serves as a point of comparison between a
voltage on a selected non-primary lead to which current is
applied.

In operation, to measure the impedance at electrode 503,
current (I) from current source 504a is applied to the electrode
and at least one of the switches connecting electrodes 505 and
507 to amplifiers 510 and 512, respectively, are switched to
ground. The current flows from current source 504a through
the electrode 503, through the patient and back to ground via
one or both electrodes 505 and 507 depending on which one
(or both) is coupled to ground. A difference between a voltage
generated at electrode 503 and the reference voltage is calcu-
lated by the unity gain buffer 506. The resulting voltage
difference is divided by the current applied to the electrode
503 to determine an impedance of electrode 503. Connection
quality data is calculated in a manner similar to that discussed
above.

While only three additional non-primary electrodes 503,
505 and 507 are shown, one skilled in the art understands that
any number of additional electrodes used to monitor electri-
cal impulses of the patient may be used and connection qual-
ity data for each electrode may be calculated as discussed
above.

FIG. 6 is a flow diagram detailing how the apparatus cal-
culates connection quality data for each electrode. At step
602, the control processor determines if the monitoring
device is currently monitoring patient data via electrodes
connected to the patient. If the monitor is monitoring patient
data, the control processor, at step 603, switches the drive
signal generator “off” resulting in the drive lead acting as
another input through which patient data could be monitored
and system operation continues at step 604. If the monitoring
device is not currently monitoring patient data via the elec-
trodes, system operation continues at step 604.

At step 604, a target electrode is selected by the control
processor to determine the connection quality at the patient/
electrode interface. At step 606, a second electrode is selected
as a comparison electrode against which a voltage compari-
son with the target electrode will be made. At step 608, an
electrode is selected as a ground electrode. At step 610, the
control processor automatically configures a plurality of
switches to (a) connect the target electrode and the compari-
son electrode with an instrumentation amplifier; (b) connect
the ground electrode to a ground; and (c) switch all other
electrodes (primary or non-primary) to ground. At step 612, a
current (I) is applied to the target electrode such that the
current flows through the target electrode, through the patient
and to ground via the ground electrode. As the current flows,
a first voltage associated with the target electrode is generated
in step 614 and a second voltage associated with the compari-
son electrode is generated in step 615. Steps 614 and 615 may
occur simultaneously or sequentially. A difference (V)
between the first voltage and second voltage is computed in
step 616 by the amplifier and the impedance of the target
electrode is calculated in step 618 by dividing voltage differ-
ence (V) by the current (I) applied to the target electrode. The
connection quality data associated with the target electrode is
determined in step 620 by comparing the result of the calcu-
lation in step 618 with a threshold impedance and determin-
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ing if the impedance of the target electrode is greater than or
equal to a threshold impedance. In step 622, the control pro-
cessor queries whether there additional electrodes for which
a connection quality measurement is needed. If so, a detet-
mination as to the type of electrode to be measured is made in
step 623. If the additional electrode is a primary electrode,
then system operation returns to step 604. If the additional
electrode(s) are non-primary electrodes, system operation
continues in FIG. 7. If the determination in step 622 is nega-
tive, the system may use and/or output connection quality
data in step 624 to at least one of (a) notify a practitioner
regarding the connection quality of one or more leads; (b)
return to monitoring the patient; and (c) automatically adjust
patient monitoring settings to obtain patient parameter data
from an electrode or set of electrodes having the highest
quality connection as determined as a function of impedance
of the electrodes.

FIG. 7 is a flow diagram detailing how connection quality
data is derived for non-primary electrodes. FIG. 7 begins at
step 623 in FIG. 6. The control processor selects a non-
primary electrode as the target non-primary electrode in step
702. A reference voltage is derived by a unity gain amplifier
from at least one primary electrode in step 704 for use as a
point of comparison with the target non-primary electrode. In
step 706, the control processor automatically configures a
plurality of switches to (a) connect the target non-primary
electrode and the reference voltage with an instrumentation
amplifier and (b) switch all other electrodes (primary or non-
primary) to ground. At step 708, a current (1) is applied to the
non-primary target electrode such that the current flows
through the non-primary target electrode, through the patient
and to ground via the ground electrode. As the current flows,
a first voltage associated with the non-primary target elec-
trode is generated in step 710. A voltage difference (V)
between the first voltage and reference voltage from the unity
gain amplifier is computed in step 712 and the impedance of
the non-primary target electrode is calculated in step 714 by
dividing the voltage difference (V) by the current (I) applied
to the target electrode. The connection quality data associated
with the target electrode is determined in step 716 by com-
paring the result of the calculation in step 714 with a threshold
impedance and determining if the impedance of the target
electrode is greater than or equal to a threshold impedance.
System operation reverts back to step 622 in FIG. 6.

It is important to note that the connection quality data
measurement may be calculated at predetermined intervals
during the course of a patient being monitored. At the time the
connection quality data is being measured, the patient drive
signal is disconnected in order to determine the connection
quality of the electrode. Determining connection quality data
for a single electrode takes less than one millisecond and thus
measuring connection quality for each electrode can occur
during the time between ECG waveforms. In this embodi-
ment, the drive signal generator is disconnected and the appa-
ratus pauses to settle for substantially a microsecond prior to
configuring the switches to connect the electrodes in the
desired manner to measure connection quality data for the
respective electrode. As connection quality data may only be
measured for a single electrode between successive ECG
waveforms, the control processor may execute a routine to
sequentially measure all electrodes between ECG wave-
forms. In this embodiment, the control processor may keep
track of the electrodes that have been measured until connec-
tion quality data for all electrodes has been determined. In
another embodiment, the control processor may selectively
measure a set of electrodes from the plurality of electrodes
connected to the patient during the waveform re-trace period.
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In this embodiment, the control processor may keep track of
the sets of electrodes for which connection quality data has
been determined until connection quality data for all elec-
trodes has been determined that have been measured The
intervals during which the connection quality data are mea-
sured may be pre-stored in the control processor or selectively
configurable by a user.

The apparatus described above with respect to FIGS. 1-7
may advantageously determine the connection quality for
each electrode connected to a patient. This advantageously
provides a user with information regarding the connection at
each electrode and allows a user to improve monitoring con-
figurations to take into account and utilize electrodes to derive
leads that have a higher quality connection. This further
enables a user to remedy a degraded connection to improve
the quality of the patient data being monitored.

Although the invention has been described in terms of
exemplary embodiments, it is not limited thereto. Rather, the
appended claims should be construed broadly to include other
variants and embodiments of the invention which may be
made by those skilled in the art without departing from the
scope and range of equivalents of the invention. This disclo-
sure is intended to cover any adaptations or variations of the
embodiments discussed herein.

What is claimed is:

1. An apparatus that determines a connection quality of an
electrode to a patient, the apparatus comprising:

a current source connected to a first electrode;

a switch connected to a second electrode for selectively

connecting the second electrode to ground; and

a processor connected to the first electrode and a third

electrode, said processor detecting a voltage difference
between the first electrode and the third electrode upon
application of a current to the first electrode by said
current source to determine connection quality data for
the first electrode,

wherein said apparatus is connected to electrodes of an

ECG monitor and said processor disables a drive elec-
trode of the ECG monitor prior to measuring connection
quality data.

2. The apparatus as recited in claim 1, wherein said pro-
cessor includes an instrumentation amplifier that compares
the voltage of the first and the third electrodes to determine
the voltage difference; and

acontrol processor that calculates an impedance of the first

electrode from the voltage difference and current
applied by said current source.

3. The apparatus as recited in claim 2, wherein said pro-
cessor 1s connected to a plurality of electrodes and further
comprising a plurality of switches, each of said plurality of
switches being movable between a first position connecting a
respective electrode of said plurality of electrodes to the pro-
cessor and a second position connecting the respective elec-
trode to ground.

4. The apparatus as recited in claim 3, wherein the current
source applies current to one of the plurality of electrodes to
measure a connection quality of the one of said plurality of
electrodes.

5. The apparatus as recited in claim 4, wherein the one of
said plurality of electrodes is connected by its respective
switch to said processor.

6. The apparatus as recited in claim 4, wherein at least one
other electrode of said plurality of electrodes is connected to
ground by its respective switch.

7. The apparatus as recited in claim 3, wherein the plurality
of electrodes includes a set of primary electrodes and set of
secondary electrodes and said processor calculates connec-
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tion quality data of a respective one of the secondary elec-
trodes by detecting a voltage difference between the respec-
tive one of the secondary electrodes and a reference voltage
upon application of a current to the respective one of the
secondary electrodes by said current generator.

8. The apparatus as recited in claim 7, wherein at least one
other of the secondary electrodes are connected to ground by
its respective switch.

9. The apparatus as recited in claim 1, wherein said con-
nection quality data is determined by dividing the voltage
difference between the first and third electrodes by the current
applied to the first electrode to determine an impedance of the
first electrode; and

comparing the impedance with a threshold impedance
level.

10. The apparatus as recited in claim 9, wherein connection
quality data indicates a good connection when the impedance
is less than a threshold value and indicates a poor connection
when the impedance is greater than the threshold value.

11. The apparatus as recited in claim 1, further comprising
at least one of (a) an alarm that notifies a user of a poor in
response to said connection quality data; (b) a display that
displays anindicator representative of said connection quality
data to a user; or (¢) a communication processor that selec-
tively communicate said connection quality data to a remote
computing system via a communication network.

12. An ECG monitoring apparatus that that determines a
connection quality of an electrode connected to a patient, the
apparatus comprising:

a plurality of electrodes coupled to a patient, each of said
plurality of electrodes sensing electrical impulses rep-
resenting at least one patient parameter from the patient;

a current source selectively connectable to the plurality of
electrodes that selectively applies a current to any of the
plurality of electrodes;

a processor that receives electrical impulses from the
patient via the plurality of electrodes and calculates con-
nection quality data for respective ones of the plurality
of electrodes;

a plurality of switches, each switch connected to a respec-
tive one of'said plurality of electrodes and said processor
and movable between a first position connecting a
respective electrode to said processor and a second posi-
tion connecting said respective electrode to ground;
wherein a first switch connects an electrode being moni-
tored to said processor, and a second switch connects a
second electrode to said processor; and at least one other
of said plurality of switches connects respective ones of
said plurality of electrodes to ground, and said processor
detects a voltage difference between said first electrode
and said second electrode upon application of a current
to said first electrode by said current source to determine
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connection quality data for said first electrode which is
based on an impedance measurement between one of the
plurality of electrodes and the patient; and

a drive electrode that is disabled by the processor prior to

calculating connection quality data.

13. A method of determining a connection quality of an
electrode connected to a patient, the method comprising:

connecting a first electrode of a plurality of electrodes to (i)

a processor, (i) a first non-inverting input of a first
amplifier, and (iii) a second non-inverting input of a
second amplifier;
connecting a second electrode of a plurality of electrodes to
(i) ground, (ii) a first inverting input of the first amplifier,
and (iii) a third inverting input of a third amplifier;

connecting a third electrode of a plurality of electrodes to
(i) the processor, (ii) a second inverting input of the
second amplifier, and (iii) a third non-inverting input of
the third amplifier;

applying a current from a current source to the first elec-

trode;

detecting a voltage difference between the first electrode

and a third electrode; and

determining connection quality data of the first electrode

using the voltage difference between the first and third
electrode.

14. The method as recited in claim 13, wherein the activity
of determining connection quality data further comprises:
comparing the voltage of the first and third electrodes to
determine the voltage difference using an instrumentation
amplifier; and calculating an impedance of the first electrode
from the voltage difference and applied current.

15. The method as recited in claim 13, further comprising
the activity of providing a plurality of electrodes selectively
connected to a patient; designating a first set of said plurality
of electrodes as primary electrodes; and designating a second
set of said plurality of electrodes as secondary electrode.

16. The method as recited in claim 15, further comprising
the activity of: determining if the first electrode is a primary
electrode or a secondary electrode; and in response to deter-
mining the first electrode of the plurality of electrodes is a
secondary electrode, connecting the first electrode to the pro-
cessor and connecting at least one other of the plurality of
electrodes to ground; applying current from a current source
to the first electrode; detecting a voltage difference between
the first electrode and a reference voltage; and determining
connection quality data of the first electrode using the voltage
difference between the first electrode and the reference volt-
age.
17. The method as recited in claim 13, wherein said method
is performed by an ECG monitor that selectively monitors the
electrical impulses of a patient via a plurality of electrodes.
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