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INTERFACE BETWEEN VITAL-SIGNS
SENSORS AND PATIENT MONITOR

FIELD OF THE INVENTION

[0001] The present invention relates generally to monitor-
ing of vital signs, and particularly to methods and systems for
interfacing between vital-sign sensors and patient monitors.

BACKGROUND OF THE INVENTION

[0002] Monitoring of patient vital signs is used in various
medical environments, such as hospital wards, operating
rooms and Intensive Care Units (ICUs). Vital-signs monitors,
also referred to as Patient Monitors (PMs), typically monitor
physiological parameters such as temperature, heart rate and
peripheral oxygen saturation (S,0,) in the blood, among
others.

[0003] Many vital-signs monitors include a standard plug
for connecting to a thermistor-based temperature probe.
Probes of this type were originally developed and standard-
ized by YSI Inc. and include the YSI 400 and YSI 700 types.
Such probes include a thermistor sensor, with a calibrated
temperature response, and a cable with a standard connector
for plugging into the monitor. The vital-signs monitor simply
measures the resistance value across the output connector of
the cable. The monitor calculates and displays the tempera-
ture according to the measured resistance and the known
calibration curve.

[0004] Patient temperature measurement can be performed
using various kinds of temperature sensors. Some types of
temperature sensors are non-invasive, and typically measure
the body-surface temperature. Non-invasive temperature sen-
sors are described, for example, in U.S. Pat. No. 7,625,117
and in U.S. Patent Application Publication 2009/0299682,
whose disclosures are incorporated herein by reference.
[0005] U.S. Pat. No. 7,641,390, whose disclosure is incor-
porated herein by reference, describes a method for digitally
controlling the resistive output of a temperature probe. The
method uses a temperature sensor, a processor and means
under the control of the processor for modifying the resistive
output, such as a digital potentiometer. In one embodiment,
the processor reads the temperature sensor and adjusts the
potentiometer based on a correlative or predictive technique
so as to provide a modified output that matches that of a
standard resistive temperature probe and is compatible for
display on a multi-parameter monitor.

[0006] U.S. Pat. No. 7,484,887, whose disclosure is incor-
porated herein by reference, describes an interface for amoni-
tor and a temperature probe including a temperature sensor.
The interface includes a logic circuit for determining a modi-
fied resistive output for the temperature sensor and a means
for providing the modified resistive output. The means for
providing the modified resistive output includes a Field-Ef-
fect Transistor (FET), which is coupled to the logic circuit via
a first terminal and via a feedback arrangement, providing a
FET resistance corresponding to the modified resistive out-
put.

[0007] U.S. Patent Application Publication 2012/0065540,
whose disclosure is incorporated herein by reference,
describes a temperature sensor with calibrated analog resis-
tive output. In some embodiments, a thermometric apparatus
includes at least one body-surface sensor, which is configured
to be placed at a location on a body surface of a patient and
generates a sensor output that varies according to a body-
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surface temperature at the location. Analog conversion cir-
cuitry is coupled between the at least one body-surface sensor
and a connector for coupling to a patient monitor. The cir-
cuitryis configured to convert the sensor output into an output
resistance across the connector that is indicative of a cor-
rected temperature of the patient.

SUMMARY OF THE INVENTION

[0008] An embodiment of the present invention that is
described herein provides an apparatus including at least one
sensor, a connector and a conversion unit. The at least one
sensor 1s configured to be coupled to a body of a patient so as
to measure a physiological parameter of the body. The con-
nector is configured for coupling to a patient monitor, which
measures a value of the physiological parameter by applying
a test signal via the connector and measuring a response
signal on the connector in response to the test signal. The
conversion unit is coupled between the atleast one sensor and
the connector, and is configured to determine a corrected
value of the physiological parameter, to calculate an auxiliary
signal that, in combination with the test signal produced by
the patient monitor, causes the response signal on the connec-
tor to represent the corrected value of the physiological
parameter, and to generate and output the auxiliary signal to
the connector so as to cause the patient monitor to measure the
corrected value.

[0009] Insome embodiments, the physiological parameter
includes a temperature of the body. In an example embodi-
ment, the at least one sensor includes abody-surface tempera-
ture sensor, the measured value includes a body-surface tem-
perature, and the corrected value includes an estimated inner-
body temperature. In an embodiment, the measured value
includes interim temperature measurements, and the cor-
rected value includes a predicted equilibrium temperature
calculated based on the interim temperature measurements.
In some embodiments, the conversion unit is configured to
read aresistance of the at least one sensor, and to calculate the
auxiliary signal based on the resistance.

[0010] Inan embodiment, the test signal includes a known
current that the patient monitor causes to flow through the at
least one sensor, the response signal includes a desired volt-
age across the connector, and the conversion unit is config-
ured to calculate the auxiliary signal that would produce the
desired voltage across the connector in response to the known
current. In another embodiment, the test signal includes a
known voltage that the patient monitor applies across the
connector, the response signal includes a desired current
flowing through the connector, and the conversion unit is
configured to calculate the auxiliary signal that would pro-
duce the desired current through the connector in response to
the known voltage.

[0011] In some embodiments, the conversion unit is con-
figured to calibrate a relation between the test signal and the
response signal on the connector, and to generate the auxiliary
signal based on the calibrated relation. In a disclosed embodi-
ment, the conversion unit is configured to calibrate the rela-
tion by connecting multiple known resistances to the connec-
tor, and measuring respective response signals or test signals
corresponding to the respective known resistances. The con-
version unit may be configured to connect the multiple known
resistances, for example, using two or more selectable resis-
tors or a digital potentiometer. In another embodiment, the
conversion unit is configured to generate the auxiliary signal
using a Pulse-Width Modulation (PWM) circuit. In yet
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another embodiment, the conversion unit is configured to
generate the auxiliary signal using a Digital to Analog Con-
verter (DAC).

[0012] There is additionally provided, in accordance with
an embodiment of the present invention, a method including
coupling to a body of a patient at least one sensor, which
measures a physiological parameter of the body, for output by
a patient monitor that measures a value of the physiological
parameter by applying a test signal via the connector and
measuring a response signal on the connector in response to
the test signal. A corrected value of the physiological param-
eter is determined. An auxiliary signal that, in combination
with the test signal produced by the patient monitor, causes
the response signal on the connector to represent the cor-
rected value of the physiological parameter, is calculated. The
auxiliary signal is generated and output to the connector, so as
to cause the patient monitor to measure the corrected value.
[0013] Thepresent invention will be more fully understood
from the following detailed description of the embodiments
thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIGS. 1A and 1B are schematic, pictorial illustra-
tions of systems for patient monitoring, in accordance with
embodiments of the present invention;

[0015] FIG. 2 is a block diagram that schematically illus-
trates a system for patient monitoring, in accordance with an
embodiment of the present invention;

[0016] FIG. 3 is a circuit diagram of elements of a system
for patient monitoring, in accordance with an embodiment of
the present invention; and

[0017] FIGS. 4A and 4B are electrical models of Patient
Monitors (PM), used for calibration of a system for patient
monitoring, in accordance with embodiments of the present
invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Overview

[0018] Embodiments of the present invention that are
described herein provide improved methods and systems for
measuring and monitoring patient physiological parameters.
The embodiments described herein focus on temperature
monitoring, although the disclosed techniques can be used,
mutatis mutandis, in monitoring various other types of physi-
ological parameters.

[0019] A typical patient monitoring system comprises a
temperature sensor and a Patient Monitor (PM). The tempera-
ture sensor typically comprises a thermistor that changes its
resistance depending on the measured temperature. The PM
measures the resistance across its input connector, and dis-
plays the corresponding temperature value. Typically, the
temperature-resistance dependence of the sensor is known,
and the PM uses this dependence to translate the measured
resistance to temperature.

[0020] In practice, however, it is sometimes useful for the
PM to display a corrected temperature that differs from the
temperature measured by the sensor. For example, in some
scenarios the sensor measures the body-surface temperature,
but the PM should display an estimate of the core-body tem-
perature or some other inner-body temperature. As another
example, it is sometimes desirable to measure temperature
over a short time period, and use these measurements to
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predict and display the equilibrium temperature (which typi-
cally stabilizes only after several minutes). Another use-case
for displaying a corrected temperature is when the tempera-
ture sensor uses a resistance-temperature dependence that is
different from the dependence known to the PM. In yet
another scenario, the temperature sensor is not a resistive-
type sensor, but has a voltage output rather than resistive
output, such as in an Infra-Red (IR) or thermocouple sensor.
In all the above cases, the output of the temperature sensor
should be modified or converted in order to display the
desired temperature on the PM.

[0021] In some disclosed embodiments of the present
invention, a temperature conversion unit is connected
between the temperature sensor and the input connector of the
PM. The temperature conversion unit carries out a conversion
that causes the PM to display the corrected temperature
instead of the temperature measured by the sensor. Several
example conversion schemes and implementations are
described herein. The conversion schemes described herein
are active, in the sense that they generate and impose on the
PM a corrected voltage or current, which causes the PM to
display the desired corrected temperature. These techniques
are in sharp contrast to passive conversion schemes that
merely reflect a modified resistive output to the PM.

[0022] Typically, the PM is conventionally designed to
measure the resistance across its input connector by applying
a test signal to the connector (e.g., known voltage across the
connector or known current through the connector), and mea-
suring a resulting response signal on the connector (e.g., the
current flowing through the connector in response to the
known voltage, or the voltage developing across the connec-
tor in response to the known current). This sort of conven-
tional design assumes that the sensor coupled across the con-
nector is a passive, resistive sensor, such as a thermistor. Such
PM designs typically assume that the sensor has some known
resistance-temperature dependence, such as YSI-400.

[0023] In order to cause the PM to display a corrected
temperature that is different from the temperature measured
by the sensor, the temperature conversion unit generates an
auxiliary signal (voltage or current) that, in combination with
the test signal produced by the PM, causes the resulting
response signal to indicate the corrected temperature instead
of the measured temperature. This sort of correction is
referred to herein as “active conversion”—as opposed to
“passive conversion” that merely provides the PM with a
modified resistive output.

[0024] Inanexample embodiment, the PM applies aknown
voltage across the connector, and deduces the temperature
from the current that flows through the connector (and is thus
expected to be proportional to the resistance of the sensor). In
this embodiment, the temperature conversion unit may cal-
culate and generate an auxiliary voltage that, jointly with the
known voltage applied by the PM, causes a current that cor-
responds to the corrected temperature. Generally, however,
the test signal, response signal and auxiliary signal may each
comprise either a current or a voltage. The temperature con-
version unit may generate the auxiliary signal in any suitable
way, such as using a Pulse-Width Modulation (PWM) circuit
or a Digital to Analog Converter (DAC).

[0025] Insomeembodiments, although not necessarily, the
temperature conversion unit carries out a calibration process
that connects various known resistances and records the
resulting response signal levels. Using this calibration, the
temperature conversion unit is able to calculate the appropri-
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ate auxiliary signal, without relying on any a-priori knowl-
edge as to the mode of operation of the PM.

[0026] In summary, the disclosed techniques provide
highly-accurate temperature conversion between the tem-
perature sensor and the PM. These techniques enable, for
example, the use of non-invasive body-surface temperature
sensors while still displaying the core-body temperature.

System Description

[0027] FIG. 1A is a schematic, pictorial illustration of a
patient monitoring system 20, in accordance with an embodi-
ment of the present invention. The system typically monitors
multiple physiological parameters of a patient 22 in an oper-
ating room or hospital ward. The present example refers
mainly to the parts of the system that are involved in tempera-
ture measurement. Nevertheless, the disclosed techniques
can be used in measurements of other suitable physiological
parameters, such as, for example, heart rate, blood perfusion,
blood pressure and/or oxygen saturation (S,0,).

[0028] In the example of FIG. 1A, a temperature-sensing
patch 24 is affixed to the patient’s body surface, such as to the
skin of the patient’s forehead or elsewhere on the body. Patch
24 comprises one or more temperature sensors, which mea-
sure the body-surface temperature, along with some ancillary
circuitry (e.g., sensor sampling) and possibly one or more
ambient temperature-measurement sensors (not shown
explicitly in the figure).

[0029] A temperature conversion unit 31 is mounted on or
connected to a cable 26 that connects patch 24 with a Patient
Monitor (PM) 30. Unit 31 reads the temperature measured by
patch 24, and causes PM 30 to display a converted tempera-
ture that is computed based on the measured temperature.
Example temperature conversion techniques (which can also
be used for conversion and display of other physiological
parameters) are explained in detail below. In some embodi-
ments, unit 31 further comprises an ambient sensing probe
that senses the ambient room temperature.

[0030] Inthe present example, unit 31 is mounted immedi-
ately adjacent to a connector plug 28 of cable 26, which plugs
into PM 30. For example, unit 31 may be implemented as a
dongle. In another example, unit 31 may be mounted at some
middle location along cable 26. In vet another example, the
interconnection between patch 24 and unit 31, and/or the
interconnection between unit 31 and PM 30, may be wireless.
The patient monitor typically comprises a processor, with
suitable input circuits for receiving signals from various
physiological sensors. The input circuits include a standard
receptacle for receiving plug 28.

[0031] Conventionally, monitor 30 measures the resistance
across plug 28 and converts the resistance to a temperature
value according to a pre-programmed calibration function.
The monitor typically displays the resulting temperature
measurement and may also track the value over time and issue
alarms when the temperature moves outside a preset safety
range. Although the description that follows refers mainly to
visual display of temperature, in alternative embodiments the
patient monitor may output the temperature, to an operator or
to another system, in any other suitable way. Recording the
temperature for subsequent analysis is also regarded herein as
a form of output.

[0032] FIG. 1B is a schematic, pictorial illustration of a
patient monitoring system 32, in accordance with another
embodiment of the present invention. The principles of opera-
tion of system 32 are similar to those of system 20, as
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described above. In system 32 a temperature-sensing patch 34
on the patient’s body measures the body-surface temperature
(or temperatures) and possibly other vital signs. A tempera-
ture conversion unit 36 is contained in a separate enclosure
and is connected by a cable to patch 34. An ambient sensing
probe 38 contains one or more ambient-temperature measure-
ment sensors, such as thermistors. Patch 34 and probe 38 are
connected via cables to circuitry 36. Alternatively, ambient
sensing probe 38 may be mounted on the enclosure of cir-
cuitry 36. Typically. circuitry 36 is powered by a suitable
power source (now shown in the figures). The power source
may comprise, for example, a battery, a power supply, or both.
[0033] In other embodiments, not shown in the figures,
alternative system configurations may be used. In an example
implementation, the system comprises one processor (re-
ferred to as a sampling processor) located on the patch and
another processor (referred to as a conversion processor)
located in the temperature conversion unit. The two proces-
sors may be connected by a wire or wireless link. The sam-
pling processor samples the temperature sensor output and
generates digital signals that are transmitted to the conversion
processor. This implementation is highly effective against
noise and interference, which are common in medical envi-
ronments. In a specific example the temperature-sensing
patch may be connected to a wireless transmitter via a short
(e.g., 40 cm) cable to avoid cross contamination. In this con-
figuration, the patch may be disposable while the transmitter
may be re-usable.

[0034] Inyetanother embodiment, temperature conversion
unit 36 may be integrated with patch 34. Alternatively, one or
more ambient-measurement thermistors may be integrated
with patch 34, thus obviating probe 38, while circuitry 36 is
housed in a separate unit. Further alternatively, any other
suitable configuration can be used.

Example Use-Cases

[0035] The techniques described herein can be used in a
wide variety of scenarios and use cases, in which it is useful
or necessary for the PM to display a temperature that differs
from the temperature measured by the temperature sensor.
[0036] Forexample, in some scenarios the sensor measures
the body-surface temperature, but the PM should display an
estimate of some inner body temperature, such as the core-
body temperature (defined as the temperature at the pulmo-
nary artery), oral temperature, rectal temperature, axillary
temperature, esophageal temperature, or any other suitable
inner body temperature.

[0037] In another example scenario, it is sometimes desir-
able to operate in a predictive mode, i.e., to measure tempera-
ture over a short time period and use these measurements to
predict the long-term equilibrium temperature measurement.
Typically, temperature measurement stabilizes and reaches
equilibrium after six to ten minutes. It is often desirable to
shorten the measurement time to a time period of, for
example, 10-120 seconds, so as to make the procedure easier
both for the patient and for the care-giver.

[0038] Another use-case is when the temperature sensor
has a resistance-temperature dependence that is different
from the dependence known to the PM, or when the sensor is
not a resistive-type sensor but has a voltage input rather than
resistive output.

[0039] Inall of these cases, as well as others, embodiments
of the present invention can be used for converting the tem-
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perature measured by the temperature sensor or sensors, and
causing the PM to display the corrected temperature.

Active Temperature Conversion Schemes

[0040] Typically, PM 30 monitors temperature by measur-
ing the resistance across connector 28, and translating the
measured resistance into a temperature value to be displayed.
The PM typically measures the resistance indirectly, e.g., by
measuring the voltage across its input connector for a known
applied current, or based on a known voltage applied across
an internal resistor. The translation typically follows a known
calibrated temperature-resistance curve that characterizes the
temperature sensor (or using a temperature-voltage curve that
takes into account the temperature-resistance dependence as
well as the voltage-current dependence applied by the moni-
tor). Temperature-resistance curves of this sort are specified,
for example, in de-facto standards such as YSI 400 and YSI
700.

[0041] In some PM implementations, the PM applies a
known voltage across connector 28, and measures the current
that flows through the connector in response to the known
voltage. This sort of measurement may be implemented, for
example, using a voltage divider, a Wheatstone bridge, or any
other suitable scheme. In other PM implementations, the PM
causes known current to flow through connector 28, and
measures the voltage across the connector in response to the
known current. These configurations are also referred to as
“current source” configurations. In both cases, the PM calcu-
lates the resistance across connector 28 from the measure-
ment using Ohm’s law or the equivalent voltage as explained
above. The calculation usually takes into account the PM’s
internal resistance.

[0042] Generalizing the above examples, PM 30 applies a
certain test signal (e.g., known voltage or current) to connec-
tor 28, and measures the resulting response signal (e.g.,
resulting current or voltage) on the connector. The measured
response signal can then be translated to resistance and then to
temperature, using the known resistance-temperature curve.
Alternatively, the measured response signal may be translated
directly to temperature, e.g., using a look-up table, a prede-
termined formula embedded in the PM, or any other suitable
means.

[0043] As noted above, the temperature conversion unit
causes PM 30 to display a corrected temperature instead of
the temperature measured by the temperature sensor. For this
purpose, the temperature conversion unit generates an auxil-
iary signal (voltage or current) that, in combination with the
test signal produced by the PM, causes the resulting response
signal to indicate the corrected temperature instead of the
temperature measured by the sensor.

[0044] In embodiments in which the PM applies a known
voltage across the connector, the temperature conversion unit
generates an auxiliary voltage that, jointly with the known
voltage applied by the PM, causes the current through the
connector to correspond to the corrected temperature. In
embodiments in which the PM causes known current to flow
through the connector, the temperature conversion unit gen-
erates an auxiliary current or voltage that, jointly with the
known current applied by the PM, causes the voltage across
the connector to correspond to the corrected temperature.
[0045] Generally, the test signal, response signal and aux-
iliary signal may each comprise either a current or a voltage.
In some embodiments that are described further below, the
temperature conversion unit is compatible with any suitable
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type of PM, without making prior assumptions as to the PM’s
mode of operation (known voltage or known current). In the
disclosed embodiments, the impedance of the PM is typically
matched to the impedance of the temperature conversion unit
seen by the PM.

[0046] FIG. 2 is a block diagram that schematically illus-
trates a system 40 for patient monitoring, in accordance with
an embodiment of the present invention. System 40 may be
implemented in the configuration of FIG. 1A, in the configu-
ration of FIG. 1B, or in any other suitable configuration.
[0047] System 40 comprises one or more temperature sen-
sors 44, e.g., non-invasive body-surface temperature sensors.
Each sensor 44 typically comprises a thermistor that changes
its resistance as a function oftemperature. (As noted above, in
some embodiments system 40 comprises a sampling proces-
sor that is adjacent to sensors 44, and a conversion processor
in unit 52. In other words, the functions of processor module
60 may be split between the sampling processor and the
conversion processor.

[0048] System 40 comprises a temperature conversion unit
52, which is connected between sensors 44 and PM 30. Unit
52 is connected to sensors 44 using lines 48 (which may also
comprise a wireless link), and to PM 30 using a connector 56.
Unit 52 can be used for implementing unit of FIG. 1A or unit
36 of FIG. 1B, for example. Temperature conversion unit 52
comprises a processor module 60 and a voltage generation
module 64. Voltage generation module 64 comprises a cali-
bration unit 76, which carries out an automatic calibration
process that is described in detail below. An example circuit
implementation of modules 60 and 64 is given in FIG. 3
below.

[0049] The functional division of functions between mod-
ules 60 and 64 is presented purely by way of example. In
alternative embodiments, the temperature conversion unit
may be implemented using any other suitable internal con-
figuration. In an example embodiment, processor module 60
controls the automatic calibration process carried out by umt
76, which learns the PM characteristics (e.g., internal resis-
tance), as will be described further below. In one embodi-
ment, processor module 60 reads the resistance of each tem-
perature sensor 44, which corresponds to the temperature
measured by that sensor. Module 60 calculates the corrected
temperature that should be displayed by PM 30 in accordance
with the measured temperature and the ambient temperature.
[0050] Module 60 may derive the corrected temperature
from the measured sensor temperature in any suitable way,
such as using a predefined table or function. In an example
embodiment, the corrected temperature is given by a linear
combination of the measured body temperature and the ambi-
ent temperature. Additional details regarding the relation
between measured and corrected temperature are addressed,
for example, in U.S. Pat. Nos. 6,280,397, 7,479,116, 7,597,
668 and 8,185,341, whose disclosures are incorporated
herein by reference, and in U.S. Pat. Nos. 7,484,887 and
7,641,390 and U.S. Patent Application Publication 2012/
0065540, cited above.

[0051] Voltage generation module 64 generates an auxil-
iary signal that, in combination with the test signal generated
by PM 30, causes the response signal on connector 56 to
correspond to the corrected temperature calculated by pro-
cessing module 60. The voltage generation module applies
this auxiliary signal (voltage or current) to connector 56. As a
result, PM 30 is forced to display the corrected temperature
instead of the temperature measured by the sensor.
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[0052] In alternative embodiments, the functionality of
processor module 60 is split between two processors—A
sampling processor that is located adjacent to sensors 44, and
a conversion processor that is adjacent to module 64. The
sampling processor and the conversion processor may be
linked using any suitable interface, for example a wireless
link.

Example Circuit Implementation

[0053] FIG. 3is a circuit diagram of elements of system 40,
in accordance with an embodiment of the present invention.
In this example, the system comprises three temperature sen-
sors 44, comprising n respective thermistors denoted RT1 . .
.RTn.

[0054] Processor module 60 comprises a processor 68,
which reads the resistances of the n thermistors and calculates
the corresponding desired corrected temperature to be dis-
played on the PM and the appropriate auxiliary signals (volt-
ages or currents) that should be applied in order for PM 30 to
display the desired corrected temperature. Voltage generation
module 64 comprises at least one operational amplifier 72,
which is connected in a feedback configuration.

[0055] At a given time, the output of amplifier 72 produces
a given auxiliary signal, which is then applied to connector 56
of PM 30. This auxiliary signal, together with the internal test
signal of the PM (current or voltage—marked with a current
source in the figure), causes the PM to display the appropriate
corrected temperature.

[0056] In the embodiment of FIG. 3, processor 68 controls
amplifier 72 to produce the desired auxiliary signal using
Pulse-Width Modulation (PWM). In this implementation, pin
#6 of processor 68 produces a square-wave PWM signal that
alternates between two voltage levels with a controlled duty-
cycle. Processor 68 adjusts the duty cycle of the PWM signal
such that the average voltage is proportional to the desired
auxiliary signal. The PWM signal is filtered by a resistor-
capacitor T-network, and then provided as input to amplifier
72. In response to the PWM signal at its input, amplifier 72
generates the desired auxiliary signal at its output.

[0057] In an alternative embodiment, processor 68 uses a
Digital-to-Analog Converter (not shown in the figure) instead
of aPWM circuit to control voltage generation module 64. In
this embodiment, the processor controls the DAC to generate
a control signal that is proportional to the desired auxiliary
signal. The DAC output (voltage or current) is provided as
input to operational amplifier 72. Further alternatively, pro-
cessor 68 may control voltage generation module 64 to gen-
erate the desired auxiliary signals in any other suitable way.

Automatic Calibration Scheme

[0058] Insome embodiments, temperature conversion unit
52 does not make any a-priori assumptions as to the mode of
operation of PM 30. In these embodiments, unit 52 carries out
an automatic calibration process that learns the PM charac-
teristics (e.g., internal resistance and signals). Using the cali-
bration results, unit 52 is able to accurately set the auxiliary
signals, regardless of whether the PM uses voltage-source or
current-source measurement and regardless of the actual
internal resistance of the PM.

[0059] In an example embodiment (illustrated in FIG. 3)
voltage generation module 64 comprises a calibration unit 76,
which comprises a configurable resistance element. Unit 76
can be set by processor 68 to two or more known resistances,
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which are applied across connector 56 during calibration.
Typically, these known resistances are chosen to be propetly
representative of the full range of minimal to maximal mea-
sured temperatures-resistances by the PM. Typically, the out-
put of amplifier 72 is disabled during this process, so that the
only resistance across connector 56 is that of unit 76. By
alternating between different resistances ofunit 76, processor
68 is able to measure the actual voltages that develop across
connector 56 in response to various resistances. Unit 76 is
typically connected across connector 56 of the PM only dur-
ing calibration. During normal operation, unit 76 is discon-
nected, e.g., using a switch 78.

[0060] In some embodiments, system 40 comprises mea-
surement circuitry that measures the voltage across (or cur-
rent through) the known resistance connected to the PM. In
the example of FIG. 3, the voltage across connector 56 is fed
back to a feedback (FB) pin of processor 68 (pin 4, denoted
FB). Processor 68 digitizes the voltage on its FB pin using an
internal Analog-to-Digital Converter (ADC). Alternatively,
any other suitable measurement circuitry can be used.
[0061] In a typical calibration process, processor 68 sets
various arbitrary resistances within the resistance range
expected by the PM in unit 76, measures the resulting volt-
ages (response signals) on connector 56, and builds a Look-
Up Table (LUT) that translates between the measured
response signals and resistance. During normal operation,
processor 68 calculates the corrected temperature to be dis-
played by the PM (based on the measured sensor temperature
and some correction algorithm), and then uses the known
resistance-temperature dependence such as YSI 400 to deter-
mine the resistance that is expected by the PM in order to
display the corrected temperature. Based on the desired resis-
tance and the LUT, processor 68 calculates the auxiliary
signal that corresponds to the desired resistance. Processor 68
then causes module 64 to generate the auxiliary signal that
corresponds to this resistance.

[0062] In another example calibration process, the LUT
translates temperatures directly into voltages. In this process,
processor 68 sets various arbitrary resistances within the
resistance range expected by the PM in unit 76, and measures
the resulting voltages (response signals) on connector 56.
Using a known temperature-resistance dependence such as
YSI 400, processor 68 builds a LUT that translates between
the measured response signals and respective temperatures to
be displayed on the PM. During normal operation, processor
calculates the corrected temperature to be displayed by the
PM (based on the measured sensor temperature and some
correction algorithm). Based on the corrected temperature
and the LUT, processor 68 calculates the auxiliary signal that
corresponds to the corrected temperature. Processor 68 then
causes module 64 to generate the auxiliary signal that corre-
sponds to this resistance.

[0063] In another embodiment, processor 68 builds a data-
base, which comprises the internal resistance and the voltage
that PM 30 applies. Based on this data, the processor module
is able to calculate the auxiliary voltage needed in order to
emulate the resistance corresponding to the desired displayed
temperature. Example calibration schemes and formulas for
constructing such a database are provided further below.
[0064] Unit 76 may be implemented in various ways. Four
examples are shown at the bottom of FIG. 3. In all these
examples, processor 68 sets the resistance of unit 76 using a
control signal 80. A reference voltage V... is applied to one
terminal of unit 76 (denoted 82), which is also connected to
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one terminal of connector 56. The other terminal of unit 76 is
connected to the second terminal of connector 56.

[0065] Inafirst example (denoted 84A), unit 76 comprises
two resistors R1 and R2, which are selected by signal 80.
Typically, resistors R1 and R2 are set to the maximum and
minimum resistances (R,, .. and R, ;) of the resistance range
of interest. When using YSI 400 temperature sensors, for
example, R1 and R2 may be on the order of 2K and 1K€,
respectively. This example enables relatively coarse calibra-
tion using two data points.

[0066] In a second example (denoted 84B), unit 76 com-
prises n resistors R1 . . . Rn, which are selected by signal 80.
The resistances of resistors R1. .. Rn are typically distributed
across the resistance range of interest, e.g., 1K€ to 2K€2. This
implementation enables higher-accuracy calibration using
multiple data points. A third implementation example (de-
noted 84C) enables even finer calibration. In this example,
unit 76 comprises a digital potentiometer (denoted VR1) that
is controlled by signal 80.

[0067] Inafourth implementation example (denoted 84D),
control signal 80 is a PWM signal that toggles the switch so as
to alternate between resistances R1 and R2 at a certain duty
cycle. By controlling the PWM duty cycle, control signal 80
1s able to create various effective resistances.

[0068] Let D and Fpwm denote the duty cycle and fre-
quency of signal 80, respectively, such that D=0 means a
constantly-open switch and D=1 means a constantly-closed
switch. The effective resistance of unit 76 is Reff=Rp-D+R1
(1-D), wherein Rp=R1-R2/(R14R2). Varying the duty cycle
enables setting of effective resistances in the range
Rp=<Reff<R1. For smooth circuit operation, capacitance C1
should typically be chosen such that Reff-C1>>1/Fpwm. Fur-
ther alternatively, calibration unit 76 may be implemented in
any other suitable way.

[0069] The system configurations shown in FIGS. 1A, 1B
and 2, and the temperature conversion unit configuration
shown in FIG. 3, are example configurations that are chosen
purely for the sake of conceptual clarity. In alternative
embodiments, any other suitable configuration can be used.
Some elements of the patient monitoring system, and in par-
ticular the temperature conversion unit, may be implemented
in hardware, e.g., in one or more Application-Specific Inte-
grated Circuits (ASICs) or Field-Programmable Gate Arrays
(FPGAs). Additionally or alternatively, some elements of the
system, including elements of the temperature conversion
unit, can be implemented using software, or using a combi-
nation of hardware and software elements.

[0070] Some of the system functions, such as the functions
of processor module 60, may be carried out using a general-
purpose processor, which is programmed in software to carry
out the functions described herein. The software may be
downloaded to the processor in electronic form, over a net-
work, for example, or it may, alternatively or additionally, be
provided and/or stored on non-transitory tangible media, such
as magnetic, optical, or electronic memory.

Example Patient Monitor Models and Associated
Calibration Schemes

[0071] In various embodiments, processor 68 of tempera-
ture conversion unit 52 performs the above-described auto-
matic calibration under some assumption as to the structure of
PM 30. Two example types of PMs are a voltage-divider-
based PM and a Wheatstone-bridge-based PM. In other
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embodiments, processor 68 does not make any such assump-
tions and regards the PM as a “black box.”

[0072] FIG. 4A is an electrical model of a voltage-divider-
based PM, which is used for calibration of temperature con-
version unit 52, in accordance with an embodiment of the
present invention. In this model, Vs denotes the internal volt-
age applied by the PM, Rd denotes the internal serial resis-
tance of the PM, Rt_min denotes the minimal expected resis-
tance of the temperature sensor, Rt_max denotes the maximal
expected resistance of the temperature sensor, and Vt denotes
the voltage drop across the temperature sensor (i.e., across
connector 56).

[0073] The temperature-dependent resistance of the tem-
perature sensor is denoted Rt. In an embodiment, Rt_min and
Rt_max are chosen as the minimal and maximal resistances in
the YSI400 range of interest, respectively. The assumption in
this model is that, in order to measure temperature, the PM
measures Vt, which is a function of Rt. The relationship
between Vt and Rt is given by:

Rt
Vi=Vs———
Rd + Rt

and therefore:

Rd
Ri= ——

=1
%

[0074] ThePM is assumed to measure Vt and use the above
relationship to derive Rt and thus the temperature. Therefore,
knowledge of Rd and Vs of the PM enables unit 52 to calcu-
late the desired voltage Vt that needs to be applied across
connector 56 in order to cause the PM to measure any desired
temperature.

[0075] In an example process for estimating Rd and Vs of
the PM, unit 52 connects two resistances Rt_min and Rt_max
to connector 56, one resistance at a time. By measuring the
voltage drop across connector 56 in the presence of each
resistance, unit 52 is able to derive Rd and Vs.

[0076] Analysis of the circuit of FIG. 4A gives the follow-
ing relationships:

[0077] Let Vd_min and Vd_max denote the minimal and
maximal voltages across the constant resistance Rd, we get:

Vs=Vd_min+V:_min

Vs=Vd_max+Vt max

[0078] By subtracting the two equations, and assuming the
same currents Imin and Imax flow through Rd, we get:

Vimax — Vimin = Rd(Imin — Imax)
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-continued
or
Vimax — Vimin
" Imin— Imax

and therefore:

Vs=Rd-Imax+Vimax
or
Vs=Rd-Imin+V#min

[0079] By using the voltage-divider relationship, we get:

wherein Rx denotes any desired sensor resistance, and Vtx
denotes the value of Vit needed to cause the PM to measure
resistance Rx (and thus the corresponding temperature). The
equation above gives the translation between voltage and
resistance, but knowing the temperature-resistance depen-
dence, this translation is equivalent to a direct translation
between voltage and temperature.

[0080] FIG. 4B is an electrical model of a Wheatstone-
bridge-based PM, which is used for calibration of tempera-
ture conversion unit 52, in accordance with another embodi-
ment of the present invention. In such a PM, the relationship
between the temperature-dependent resistance Rx and the
voltage Vg (measured between points B and D in the figure)
is given by:

Rx R2 v
B+re RI+R2)"

Vg:[
or

Rx R2

Yo=Y VriE R

[0081]

Vg=V=F0

The equation above can be written as

wherein V0 is a constant voltage of the R1-R2 voltage divider.
This equation means that, for a Wheatstone-bridge PM, a
similar calibration procedure can be used as used above for
voltage-divider PMs.

[0082] In other embodiments, unit 52 may assume that the
temperature-voltage dependence in the PM (e.g., for a voltage
divider between internal resistance Rd and temperature-de-
pendent resistance Rt) is close to linear. Therefore, unit 52
may use linear interpolation to calculate Vt as a function of
the desired temperature T. For example, unit 52 may measure
Vt_min and Vt_max for two constant resistors Rt_min and

Rt_max, which are connected in turn to connector 56 of PM
30. Knowing Tmin and Tmax from YSI400 T-R table, it is
possible to calculate any Vt by:
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(T = Timin)(Vimax — Vimin)

Vi = Vimax—
a Tmax — Tmin

[0083] The above example refers to two data points. Alter-
natively, the calibration process may be performed using a
larger number of data points, so as to improve the calibration
accuracy.

[0084] It will be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and sub-com-
binations of the various features described hereinabove, as
well as variations and modifications thereof which would
occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art. Docu-
ments incorporated by reference in the present patent appli-
cation are to be considered an integral part of the application
except that to the extent any terms are defined in these incor-
porated documents in a manner that conflicts with the defini-
tions made explicitly or implicitly in the present specification,
only the definitions in the present specification should be
considered.

1. Apparatus, comprising;

at least one sensor, which is configured to be coupled to a

body ofa patient so as to measure a physiological param-
eter of the body;
a connector for coupling to a patient monitor, which mea-
sures a value of the physiological parameter by applying
a test signal via the connector and measuring a response
signal on the connector in response to the test signal; and

aconversion unit, which is coupled between the at least one
sensor and the connector, and is configured to determine
a corrected value of the physiological parameter, to cal-
culate an auxiliary signal that, in combination with the
test signal produced by the patient monitor, causes the
response signal on the connector to represent the cor-
rected value of the physiological parameter, and to gen-
erate and output the auxiliary signal to the connector so
as to cause the patient monitor to measure the corrected
value.

2. The apparatus according to claim 1, wherein the physi-
ological parameter comprises a temperature of the body.

3. The apparatus according to claim 2, wherein the at least
one sensor comprises a body-surface temperature sensor,
wherein the measured value comprises a body-surface tem-
perature, and wherein the corrected value comprises an esti-
mated inner-body temperature.

4. The apparatus according to claim 3, wherein the mea-
sured value comprises interim temperature measurements,
and wherein the corrected value comprises a predicted equi-
librium temperature calculated based on the interim tempera-
ture measurements.

5. The apparatus according to claim 1, wherein the conver-
sion unit is configured to read a resistance of the at least one
sensor, and to calculate the auxiliary signal based on the
resistance.

6. The apparatus according to claim 1, wherein the test
signal comprises a known current that the patient monitor
causes to flow through the at least one sensor, wherein the
response signal comprises a desired voltage across the con-
nector, and wherein the conversion unit is configured to cal-
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culate the auxiliary signal that would produce the desired
voltage across the connector in response to the known current.

7. The apparatus according to claim 1, wherein the test
signal comprises a known voltage that the patient monitor
applies across the connector, wherein the response signal
comprises a desired current flowing through the connector,
and wherein the conversion unit is configured to calculate the
auxiliary signal that would produce the desired current
through the connector in response to the known voltage.

8. The apparatus according to claim 1, wherein the conver-
sion unit is configured to calibrate a relation between the test
signal and the response signal on the connector, and to gen-
erate the auxiliary signal based on the calibrated relation.

9. The apparatus according to claim 8, wherein the conver-
sion unit is configured to calibrate the relation by connecting
multiple known resistances to the connector, and measuring
respective response signals or test signals corresponding to
the respective known resistances.

10. The apparatus according to claim 9, wherein the con-
version unit is configured to connect the multiple known
resistances using two or more selectable resistors or a digital
potentiometer.

11. The apparatus according to claim 1, wherein the con-
version unit is configured to generate the auxiliary signal
using a Pulse-Width Modulation (PWM) circuit.

12. The apparatus according to claim 1. wherein the con-
version unit is configured to generate the auxiliary signal
using a Digital to Analog Converter (DAC).

13. A method, comprising:

coupling to a body of a patient at least one sensor, which

measures a physiological parameter of the body, for
output by a patient monitor that measures a value of the
physiological parameter by applying a test signal via the
connector and measuring a response signal on the con-
nector in response to the test signal;

determining a corrected value of the physiological param-

eter, and calculating an auxiliary signal that, in combi-
nation with the test signal produced by the patient moni-
tor, causes the response signal on the connector to
represent the corrected value of the physiological
parameter; and

generating and outputting the auxiliary signal to the con-

nector so as to cause the patient monitor to measure the
corrected value.

14. The method according to claim 13, wherein the physi-
ological parameter comprises a temperature of the body.

15. The method according to claim 14, wherein the at least
one sensor comprises a body-surface temperature sensor,
wherein the measured value comprises a body-surface tem-
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perature, and wherein the corrected value comprises an esti-
mated inner-body temperature.

16. The method according to claim 14, wherein the mea-
sured value comprises interim temperature measurements,
and wherein the corrected value comprises a predicted equi-
librium temperature calculated based on the interim tempera-
ture measurements.

17. The method according to claim 13, wherein calculating
the auxiliary signal comprises reading a resistance of the at
least one sensor and calculating the auxiliary signal based on
the resistance.

18. The method according to claim 13, wherein the test
signal comprises a known current that the patient monitor
causes to flow through the at least one sensor, wherein the
response signal comprises a desired voltage across the con-
nector, and wherein calculating the auxiliary signal com-
prises computing the auxiliary signal that would produce the
desired voltage across the connector in response to the known
current.

19. The method according to claim 13, wherein the test
signal comprises a known voltage that the patient monitor
applies across the connector, wherein the response signal
comprises a desired current flowing through the connector,
and wherein calculating the auxiliary signal comprises com-
puting the auxiliary signal that would produce the desired
current through the connector in response to the known volt-
age.

20. The method according to claim 13, wherein calculating
the auxiliary signal comprises calibrating a relation between
the test signal and the response signal on the connector, and
wherein outputting the auxiliary signal comprises generating
the auxiliary signal based on the calibrated relation.

21. The method according to claim 20, wherein calibrating
the relation comprises connecting multiple known resistances
to the connector, and measuring respective response signals
or test signals corresponding to the respective known resis-
tances.

22.The method according to claim 21, wherein connecting
the multiple known resistances comprises selecting between
two or more selectable resistors or setting a digital potenti-
ometer.

23. The method according to claim 13, wherein outputting
the auxiliary signal comprises generating the auxiliary signal
using a Pulse-Width Modulation (PWM) circuit.

24. The method according to claim 13, wherein outputting
the auxiliary signal comprises generating the auxiliary signal
using a Digital to Analog Converter (DAC).
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