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(Subbe et al., ‘Effect of introducing the Modified Early Warning score on clinical
outcomes, cardio-pulmonary arrests and intensive care utilization in acute medical
admissions’, Anaesthesia 2003; 58: 797-802). Goldhill et al. reported that 21% of wArd
patients with a RR of 25-29 breaths/minute assessed by a critical care outreach gérvice
died in hospital (Goldhill et al., ‘A physiologically-based early warning scoy for ward
patients: the association between score and outcome’, Anaesthesia 2005760: 547-553).
Those with a higher RR had even higher mortality rates. In another/Atudy, just over half
of all patients suffering a serious adverse event on the general wards (e.g. a cardiac arrest
or ICU admission) had a RR greater than 24 breaths/minute/ These patients could have
been identified as high risk up to 24 hours before the eyént with a specificity of over 95%
(Cretikos et al., “The Objective Medical Emergency’ Team Activation Criteria: a case—
control study’, Resuscitation 2007; 73: 62-72),/Medical references such as these clearly
indicate that an accurate, easy-to-use devigé for measuring RR is an important component
for patient monitoring within the hospyfal.

[0009] Despite its importance And the large number of available monitoring
techniques, RR is notoriously Aifficult to measure, particularly when a patient is moving.
During periods of motionon-invasive techniques based on IP and PPG signals are
usually overwhelmed By artifacts, and thus completely ineffective. This makes it difficult
or impossible to pfeasure RR from an ambulatory patient. Measurements based on et-
CO2 are typighlly less susceptible to motion, but require a plastic tube inserted in the

patient’s pouth, which is uncomfortable and typically impractical for ambulatory

SUMMARY OF THE INVENTION

[0010] This invention provides a technique for measuring RR using multiple input

signals, including IP and accelerometer waveforms (ACC). After being measured with a
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triggers a false alarm. Such a situation can be avoided with an independent measurement
of motion, such as that described herein. Other heuristic rules based on analysis of ACC
waveforms may also be deployed according to this invention.

[0014] Sensors attached to the wrist and bicep each measure signals that are
collectively analyzed to estimate the patient’s arm height; this can be used to igprove
accuracy of a continuous blood pressure measurement (cNIBP), as described below, that
measures systolic (SYS), diastolic (DIA), and mean (MAP) arterial blgéd pressures. And
the sensor attached to the patient’s chest measures signals that are #halyzed to determine
posture and activity level, which can affect measurements for KR, SpO2, cNIBP, and
other vital signs. Algorithms for processing information fyom the accelerometers for
these purposes are described in detail in the following/atent applications, the contents of
which are fully incorporated herein by reference: FODY-WORN MONITOR
FEATURING ALARM SYSTEM THAT PROCESSES A PATIENT’S MOTION AND
VITAL SIGNS (U.S.S.N 12/469,182; filgd May 20, 2009) and BODY-WORN VITAL
SIGN MONITOR WITH SYSTEM JOR DETECTING AND ANALYZING MOTION
(U.S.S.N 12/469,094; filed May Z0, 2009). As described therein, knowledge of a
patient’s motion, activity ley€l, and posture can greatly enhance the accuracy of
alarms/alerts generated Jpfy the body-worn monitor.

[0015] The body-worn monitor features systems for continuously monitoring patients
in a hospital enyironment, and as the patient transfers from different areas in the hospital,
and ultimatgly to the home. Both SpO2 and cNIBP rely on accurate measurement of PPG
waveforms, along with an ECG, from patients that are both moving and at rest.
P is typically measured with the ‘Composite Technique’, which is described in

detail in the co-pending patent applications entitled: VITAL SIGN MONITOR FOR

MEASURING BLOOD PRESSURE USING OPTICAL, ELECTRICAL, AND
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applications, the contents of which have been previously incorporated herein by
reference.
[0018] In one aspect, the invention features a system for measuring RR from a

patient. The system includes an IP sensor, connected to at least two electrodes, ang/a

an ACC waveform) describing movement of a portion of the patiepf’s body to which it is
attached. The processing system receives the IP and motion sjgnals, and processes them
to determine, respectfully, frequency-domain IP and motigh spectra. Both spectra are
then collectively processed to remove motion compongnts from the IP spectrum and
determine RR. For example, during the processing, an algorithm determines motion
frequency components from the frequency-doghain motion spectrum, and then using a
digital filter removes these, or parametersalculated therefrom, from the IP spectrum.
[0019] In embodiments, a single ¢énsor module, adapted to be worn on the patient’s
torso, encloses both the IP sensordnd the motion sensor. The sensor module typically
includes at least one analog-tgfdigital converter configured to digitize the IP signal; this
component may be integrfted directly into a single-chip circuit (e.g. an application-
specific integrated ciy€uit, or ASIC), or in a circuit consisting of a collection of discrete
components (e.g Andividual resistors and capacitors). The sensor module can also
include at legét one analog-to-digital converter configured to digitize the motion signal.
this component can be integrated directly into the accelerometer circuitry.

Digigfzing the IP and motion signals before transmitting them to the processing system

s several advantages, as described in detail below.

qo
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[0020] In other embodiments, the sensor module includes a temperature sensor for
measuring the patient’s skin temperature, and an ECG circuit (corresponding to a three,
five, or twelve-lead ECQG) for measuring an ECG waveform. In embodiments, the sefsor
module simply rests on the patient’s chest during a measurement, or can be conngtted
with a small piece of medical tape. Alternatively, the housing features a congector that
connects directly to an ECG electrode worn on the patient’s torso.
[0021] The processing system is typically worn on the patient’s yrist. Alternatively,
this system can be within the sensor module, or within a remote gomputer server (located,
e.g., in a hospital’s IT system). Typically a wireless transceiyer (e.g. a transceiver based
on 802.11 or 802.15.4 transmission protocols) is included/in the system, typically within
the processing module. Such a transceiver, for examgle, can wirelessly transmit IP and
ACC waveforms to a remote processing system fgr further analysis. In this case, the
processing system is further configured to wifeless transmit a RR value back to a second
processor worn on the patient’s body, whfre it can then be displayed (using, e.g., a
conventional display).

[0022] Accelerometers used yithin the system typically generate a unique ACC
waveform corresponding to ¢dch axis of a coordinate system. In embodiments the system
can include three accelergmeters, each worn on a different portion of the patient’s body.
Waveforms generated by the accelerometers can then be processed as described in detail
below to determige the patient’s posture.

[0023] In/another aspect, the invention features an algorithm, typically implemented
using copipiled computer code, a computer memory, and a microprocessor, that processes
IP and ACC waveforms by calculating their power spectra by way of a Fourier transform

‘. a fast Fourier transform, of FFT). The algorithm then determines motion

components from the frequency-dependent ACC spectrum, and using a digital filter

\$
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removes these, or components calculated therefrom, from the frequency-dependent IP
spectrum. This yields a processed, frequency-dependent IP spectrum which can then be
analyzed as described in detail below to estimate RR, even when large amounts of
motion-induced noise are evident on the IP signal.

[0024] In embodiments, power spectra for both the IP and ACC waveforpfs are
calculated from a complex FFT that includes both real and imaginary comgponents. In
other embodiments, alternative mathematical transforms, such as a Laplace transform,
can be used in place of the FFT.

[0025] To determine a digital filter from the ACC poweySpectrum, the algorithm
typically includes a method for first finding a peak corregponding to one or more
frequencies related to the patient’s motion. A bandpéss filter, characterized by a
passband which filters out these (and related) frgQuencies, is then generated and used to
process the IP spectrum. Alternatively, theg€ frequencies can simply be divided or
subtracted from the IP spectrum. In all £ases, this yields a processed IP spectrum which
is then further analyzed to determipé€ a frequency corresponding to RR. Analysis can
include smoothing, averaging, #r related methodologies uses to extract a single frequency,
corresponding to RR, fromya collection of frequencies. In embodiments, the algorithm
can also include a comyponent that generates an alarm if the patient’s RR is greater than a
first pre-determingd threshold, or less than a second pre-determined threshold. The alarm
can be generajéd by considering both the patient’s RR and posture.

[0026] In another aspect, the invention features a multi-component algorithm for
deterpdining RR. The multi-component algorithm first determines a motion parameter
fypém the ACC waveform. The motion parameter indicates the patient’s degree of motion,

activity level, or posture. Based on the motion parameter, the multi-component algorithm

then selects one of the following algorithms to process one or both of the ACC and IP

10
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waveforms to determine RR: 1) a first algorithm featuring counting breathing-induced

pulses in the IP waveform; and ii) a second algorithm featuring collectively processing
both the ACC and IP waveform to determine a digital adaptive filter, and then processifg
one of these waveforms with the adaptive filter to determine RR; and iii) a third al
featuring mathematically transforming both the ACC and IP waveforms into frigquency-
domain spectra, and then collectively processing the spectra to determine BR. Typically
the first, second, and third algorithms are deployed, respectively, whery/the motion
parameter indicates the patient’s motion is non-existent, minimal, gr large. For example,
the first algorithm is typically deployed when the patient is regfing; the second algorithm
deployed when the patient is moving about somewhat; ang/the third algorithm deployed
when the patient is standing up, and possibly walkingr even running.
[0027] In another aspect, the multi-componenfalgorithm is deployed on one or more
microprocessors associated with the system. Jor example, to conserve battery life of the
body-worn monitor, numerically intensivg# calculations (such as the FFT or those used to
generate the digital filter) can be perfgrmed on a remote server; intermediate or final

parameters associated with these £alculations can then be wirelessly transmitted back to

the body-worn monitor for fyfther processing or display. In another embodiment,

can communicatg through serial or wireless interfaces. This latter approach will have
little impact6n battery life, but can reduce processing time by simultaneously performing
differeny/portions of the calculation.

[0028] In another aspect, the invention provides a method for measuring RR from a

atient using an algorithm based on a digital adaptive filter. In this approach, the body-

worn monitor measures both IP and ACC waveforms as described above. The waveforms

11
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are then collectively processed to determine a set of coefficients associated with the
adaptive filter. Once calculated, the coefficients are stored in a computer memory. At a
later point in time, the monitor measures a second set of IP and ACC waveforms, an
analyzes these to determine a motion parameter. When the motion parameter exgeeds a
pre-determined threshold, the algorithm processes the set of coefficients and fhe latest IP
waveform to determine a processed IP waveform, and then analyzes thisfo determine RR.
[0029] In embodiments, the digital adaptive filter is calculated fydm an impulse
response function, which in turn is calculated from either a FIR #inction or an
autoregressive moving average model. The order of the adapftive filter calculated from
the impulse response function is typically between 20 apd 30, while the order of the filter
calculated from the autoregressive moving average pfodel is typically between 1 and 5. A
specific mathematic approach for calculating the/digital adaptive filter is described below
with reference to Eqs. 1-16. As described apove, the coefficients can be calculated using
a microprocessor located on the wrist-wgrn transceiver, sensor module, or a remote
server.
[0030] In yet another aspect/the invention provides a system for measuring RR
featuring a sensor module cghfigured to be worn on the patient’s torso. The sensor
module includes sensoryfor measuring both IP and ACC waveforms, and a serial
transceiver configuyéd to transmit the digital signals through a cable to a wrist-worn
processing systefn. This system features a connector that receives the cable, and a
processor that receives digital signals from the cable and collectively processes them with
a multiZomponent algorithm to determine RR. In embodiments, the sensor module
digjtally filters the IP and ACC waveforms before they pass through the cable. The cable

an also include one or more embedded accelerometers, and is configured to attach to the

patient’s arm.
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[0031] In all embodiments, the wrist-worn transceiver can include a display
configured to render the patient’s RR and other vital signs, along with a touchpanel
interface. A wireless transceiver within the wrist-worn transceiver can transmit
information to a remote computer using conventional protocols such as §02.11, 802/15.4,
and cellular (e.g. CDMA or GSM). The remote computer, for example, can beLonnected
to a hospital network. It can also be a portable computer, such as a tablet gémputer,
personal digital assistant, or cellular phone.
[0032] Many advantages are associated with this invention. Ip/general, it provides an
accurate measurement of RR, along with an independent meagdirement of a patient’s
posture, activity level, and motion. These parameters canfe collectively analyzed to
monitor a hospitalized patient and improve true positife alarms while reducing the
occurrence of false positive alarms. Additionally/the measurement of RR is performed
with a body-worn monitor that is comfortablg/ lightweight, and low-profile, making it
particularly well suited for ambulatory pgfients. Such a monitor could continuously
monitor a patient as, for example, thg§ transition from the emergency department to the
ICU, and ultimately to the home After hospitalization.

[0033] Still other embod#ments are found in the following detailed description of the

invention and in the clai

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Fig. £ shows a schematic view of a patient wearing a sensor module on their

chest that cghnects to three electrodes arranged in an Einthoven’s triangle configuration
and megsures both ACC and IP waveforms;
[0035] Fig. 2 shows a schematic view of a patient wearing a sensor module on their

elly that connects to three electrodes arranged in an Einthoven’s triangle configuration

and measures both ACC and IP waveforms;

13
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[0036] Fig. 3A is a schematic view of a patient wearing an alternate embodiment of

the invention featuring a sensor module for measuring IP and ACC waveforms that

connects directly through an electrode to the patient’s belly;
[0037] Fig. 3B is a schematic, cross-sectional view of the sensor module of Fig. ZA
connected to the patient’s belly with the electrode;

[0038] Figs. 4A and 4B show, respectively, a three-dimensional image gf the body-
worn monitor of the invention attached to a patient during and after an ipfitial indexing
measurement;

[0039] Fig. 5 shows a three-dimensional image of the wristAvorn transceiver used
with the body-worn monitor from Figs. 4A and 4B;
[0040] Fig. 6 shows a schematic view of a multi-cgfhponent algorithm used to
collectively process ACC and IP waveforms to megsure RR according to the invention;
[0041] Fig. 7 shows a schematic drawing of Algorithm 1 used in the multi-component
algorithm of Fig. 6;

[0042] Fig. 8 shows a schematic dfawing of computation steps used in Algorithm 1 to
calculate RR;
[0043] Fig. 9 shows a serjfés of time-dependent IP waveforms (left-hand side) and
their corresponding mathgfnatical derivatives (right-hand side) measured from a slowly
breathing patient and frocessed with digital filters featuring gradually decreasing
passbands;

[0044] Fyg. 10 shows a series of time-dependent IP waveforms (left-hand side) and

assbands;
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simultaneously measures acceleration (e.g. motion) along x, y, and z axes of a local
coordinate system, such as that shown in Fig. 29. As shown in this figure, and described
in more detail below, the accelerometer 12 is preferably aligned so the z axis points int
the patient’s torso. Within the accelerometer 12 is an internal analog-to-digital conferter
that generates a digital ACC waveform corresponding to each axis.
[0074] Also within the sensor module 25 is a microprocessor 33 and aphlog-to-digital
converter (not shown in the figure) that digitize the IP and ACC waveffrms, and sends
them through a serial protocol (e.g. the control area network, or CXN protocol) to the
wrist-worn transceiver for further processing. There, IP and ACC waveforms are
processed with the multi-component algorithm to determige the patient’s RR.
Alternatively, the algorithms can be performed in pary/with a remote server, or with the
microprocessor 33 mounted within the sensor module. Additional properties such as the
patient’s posture, degree of motion, and activdy level are determined from these same
digital ACC waveforms. The axis within/the accelerometer’s coordinate system that is
aligned along the patient’s torso (and/thus orthogonal to their respiration-induced torso
movement) is typically more sepfitive to events not related to respiration, e.g. walking
and falling.
[0075] In a preferre¢/embodiment, digital accelerometers manufactured by Analog
Devices (e.g. the ADYX1.345 component) are used in the configuration shown in Fig. 1.
These sensors dgtect acceleration over a range of +/-2 g (or, alternatively, up to +/-8 g)
scale, low-power circuit.

Many patient’s are classified as ‘belly breathers’, meaning during respiration
theyf belly undergoes larger movements than their chest. A relative minority of patients

are ‘chest breathers’, indicating that it is the chest that undergoes the larger movements.

For this reason it is preferred that RR is determined using an ACC waveform detected

PAY)
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generated by different sensors. This includes multiple ECG waveforms (corresponding,
e.g., to vectors associated with three, five, and twelve-lead ECG systems) from the ECG
circuit 26, the IP waveform from the IP circuit 27, and ACC waveforms associated with
the x, y, and z axes of accelerometers 10, 12 attached to the patient’s chest. Limiting/the
transmission line to a single cable reduces the number of wires attached to the ppfient,
thereby decreasing the weight and cable-related clutter of the body-worn mefiitor.
Second, cable motion induced by an ambulatory patient can change the £lectrical
properties (e.g. electrical impendence) of its internal wires. This, i/turn, can add noise to
an analog signal and ultimately the vital sign calculated from it/ A digital signal, in
contrast, is relatively immune to such motion-induced artifgCts. More sophisticated ECG
circuits can plug into the wrist-worn transceiver to repJdce the three-lead system shown in
Figs. 1 and 2. These ECG circuits, for example, cgh include, e.g., five and twelve leads.
[0080] Digital data streams are typically tydnsmitted to the wrist-worn transceiver
using a serial protocol, such as the CAN prfotocol, USB protocol, or RS-232 protocol.
CAN is the preferred protocol for the pody-worn monitor described in Figs. 4A, 4B.

[0081] Multi-Component Algdrithm for Determining RR

[0082] Fig. 6 shows an oyerview of a multi-component algorithm 149, implemented
with the body-worn monyor shown in Figs. 4A, 4B, and 5 and an accompanying server,
which determines a patient’s RR according to the invention. The algorithm features the
following compgfients for determining RR from a hospitalized patient undergoing
different lev#£ls of motion:

gorithm 1 — simple peak-counting calculation implemented on the wrist-worn
transceiver; used when patient motion is minimal or non-existent

Algorithm 2 — adaptive filtering calculation with filtering parameters calculated
on the wrist-worn transceiver; used when some patient motion is evident

a0
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sampled at the same rate. If the IP waveform is sampled at a higher frequency than that
used for the ACC waveform (e.g. 50 Hz), then this waveform must be converted into a 5
Hz waveform using conventional mathematical techniques, such as decimation or a
numerical ‘mapping’ operation.

[0101] At this point zero mean input and output signals for u[i] and y[i]
is operation,

constructed by subtracting the ensemble signal mean from each signal.

shown below in Eqs. 2 and 3, effectively removes any DC offset (steg 252).

uli] = uli] - (%) > ulk] @)

3)

[0102] A mathematical model used to define the impulse response function of the
adaptive filter must be chosen, with the tyfo primary options being filters based on FIR
(finite impulse response) or ARMA (dutoregressive moving average) models. Both
models are indicated below in Egf. 4 and 5, but only one should be chosen and
implemented during the algoyithm (step 254):

FIR Model

H[Z] = bo + blz_l + -+ bLZ_L (4)

bo+ bzt 4+ -+ byzT™

H[z] = 5
2] 1+az7t + - +a,z? ©)

At thig'point the order of the filter is determined. For the FIR model, the order is L; for
ARMA model, the order is m and p. In a preferred embodiment, the orders for L, m,
and p are, respectively, 25, 2, and 2; these values may vary depending on the degree of

motion and the computational capabilities on the wrist-worn transceiver. A column

31
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[0122] Fig. 26 shows an alternate embodiment of the invention wherein a rolling
average is used in place of the smoothing filter described above with reference to Fig. 25.

Here, the rolling average is gradually increased from 0 points (Fig. 26A, at the top of t

easily analyzed using the peak-finding algorithm referenced above.
[0123] Referring to Figs. 27 and 28, the number of time-domain s
calculate an associated Fourier Transform and power spectrum wil/have a significant
influence on the resolution of the power spectrum. In general, Ancreasing the number of
time-domain samples will increase resolution in the powerApectrum. According to this
invention, the frequency-domain resolution can be arbfrarily increased by adding
constant values to the time-domain ACC and IP wdveform. In this technique, typically
called ‘zero padding’, the constant values are #ypically 0, or alternatively a constant value.
[0124] Both Fig. 27 and 28 show a tipfe-domain IP waveform (Figs. 27A and 28A,
shown at the top of the page) along with associated power spectra calculated,
respectively, using 1000 points (gs. 27B, 28B), 500 points (Fig. 27C, 28C), and 250
points (Fig. 27D, 28D). The AP waveform for this figure was sampled at 25 Hz, and thus
the time-domain markers/Ahat correspond to the above-mentioned points are indicated by
a light gray circle (1900 points), a dark gray circle (500 points), and a black circle (250
points). As shown in Figs. 27B, 28B, 27C, 28C, power spectra determined with both
1000-point gad 500-point Fourier Transforms feature roughly the same frequency profile,
with, as £xpected, the 1000-point spectra showing relatively greater resolution. Power
spegfra calculated from the 250-point Fourier Transform show one or more very broad

eaks, and, importantly, undergo a frequency shift which trends toward higher

frequencies for the dominant peak. Such a frequency shift will result in an erroneous
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determined using DC signals from the accelerometers 413, 414 disposed, respectively, on

the patient’s bicep and wrist. Posture, in contrast, can be exclusively determined by the

accelerometer 412 worn on the patient’s chest. An algorithm operating on the wrist-
worn transceiver extracts DC values from waveforms measured from this accelero
and processes them with an algorithm described below to determine posture.
[0127] Specifically, torso posture is determined for a patient 410 using phgles

orso coordinate

determined between the measured gravitational vector and the axes of

space 411. The axes of this space 411 are defined in a three-dimengfonal Euclidean space

—

where Ry is the vertical axis, Ry is the horizontal axis, and By is the normal axis.
These axes must be identified relative to a ‘chest accelerorfeter coordinate space’ before

the patient’s posture can be determined.

[0128] The first step in determining a patient’#'posture is to identify alignment of ﬁcv

in the chest accelerometer coordinate space. ¥his can be determined in either of two

approaches. In the first approach, ﬁcv is Assumed based on a typical alignment of the
body-worn monitor relative to the pagent. During a manufacturing process, these
parameters are then preprogramiged into firmware operating on the wrist-worn
transceiver. In this procedurit is assumed that accelerometers within the body-worn

monitor are applied to eg€h patient with essentially the same configuration. In the second

approach, ﬁcv is idefitified on a patient-specific basis. Here, an algorithm operating on

the wrist-worn fansceiver prompts the patient (using, e.g., video instruction operating on
the wrist-wgfn transceiver, or audio instructions transmitted through a speaker) to assume
a knowp position with respect to gravity (e.g., standing upright with arms pointed straight
doyn). The algorithm then calculates ﬁcv from DC values corresponding to the x, y, and
z axes of the chest accelerometer while the patient is in this position. This case, however,

still requires knowledge of which arm (left or right) the monitor is worn on, as the chest
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[0156] Figs. 3A, 3B show yet another alternate embodiment of the invention wherein
a sensor module 25 attaches to the belly of a patient 10 using an electrode 24 normally
attached to the lower left-hand portion of the patient’s torso. Specifically, the sensor
module 25 includes a connector 253 featuring an opening that receives the metal sngp or
rivet present on most disposable ECG electrodes. Connecting the connector 25}to the
electrode’s rivet holds the sensor module 25 in place. This configuration reduces the
number of cables in the body-worn monitor, and additionally secures ag/accelerometer 12
to the patient’s belly. This is typically the part of their torso that undergoes the greatest
motion during respiration, and thus generates ACC waveforms gvith the highest possible
signal-to-noise ratio. Also contained within the sensor mogfile 25 are the ECG circuit 26,
the IP circuit 27, microprocessor 33, and a temperature/ensor 34.

[0157] To measure IP and ECG waveforms, thg’ sensor module 25 connects through
cables to electrodes 20, 22 attached, respectively, to the upper right-hand and left-hand
portions of the patient’s torso. This systeqy’'measures RR using the peak counting,
adaptive filtering, and FFT-based appydaches described above, and has the additional
advantage of measuring a relatively large ACC signals indicating respiration-induced
motions of the patient’s belly./As described above, these signals are typically generated
by the z-axis of the accelefometer 12, which is normal to the patient’s torso. ACC signals
along the x and y-axey/can be additionally processed to determine the patient’s posture
and activity level /as described above. Once RR and these motion-related properties are
measured, a tyansceiver in the sensor module (not shown in the figure) transmits them in
the form

a digital data stream through a cable to the wrist-worn transceiver for further

58] Still other embodiments are within the scope of the following claims.
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What is claimed is:
1. A system for measuring respiratory rate from a patient, comprising:

an impedance pneumography sensor connected to at least two electrodes, the
impedance pneumography sensor comprising a processing circuit configured to pro€ess
signals from the at least two electrodes to measure an impedance pneumograplyy signal
from the patient;

a motion sensor connected to the patient and configured to megSure at least one
motion signal corresponding to motion of a portion of the patient’#body to which it is
attached; and

a processing system configured to receive the impédance pneumography signal
and process it to determine a frequency-domain impedance pneumography spectrum, and
to receive the motion signal and process it to detgfmine a frequency-domain motion
spectrum, the processing system further conffeured to collectively process both the
impedance pneumography spectrum and/notion spectrum to remove motion components

from the impedance pneumography gpectrum and then determine respiratory rate.

2. A system for measuring respiratory rate from a patient, comprising:
an impedance pneyimography sensor connected to at least two electrodes, the
impedance pneumogiZphy sensor comprising a processing circuit configured to process

signals from the gfleast two electrodes to measure an impedance pneumography signal

amotion sensor connected to the patient and configured to measure at least one
motigh signal corresponding to motion of a portion of the patient’s body to which it is
tached; and
a processing system, worn on the patient’s body and connected to the impedance

pneumography sensor and the motion sensor, the processing system configured to: 1)

590
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receive the impedance pneumography signal from the impedance pneumography sensor
and process it to determine a frequency-domain impedance pneumography spectrum; ii)
receive the motion signal from the motion sensor and process it to determine a frequen
domain motion spectrum,; iii) determine motion frequency components from the
frequency-domain motion spectrum; iv) remove frequency components from t
impedance pneumography spectrum corresponding to the motion frequency components
to generate a processed frequency-domain impedance pneumography gpectrum; and v)
analyze the processed frequency-domain impedance pneumograp

spectrum to

determine respiratory rate.

3. A system for determining respiratory rate valuesAor a patient, comprising:

a first sensor, configured to worn on the patynt’s torso, comprising an impedance
pneumography sensor;

a second sensor, configured to be wgrn on the patient’s torso, comprising an
accelerometer;

a processing system, configdred to be worn on the patient’s body and operably
connect to both the first and sefond sensors, the processing system configured to
determine a respiratory rat# value by calculating a frequency-domain transform of signals
from both the first and/econd sensors, and then removing motion components

determined from tife frequency-domain transform of one signal from the frequency-

domain transfgrm of the other signal.

system for determining respiratory rate values for a patient, comprising:
a first sensor, configured to worn on the patient’s torso, comprising an impedance

neumography sensor;
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a second sensor, configured to be worn on the patient’s torso, comprising an

accelerometer;

a processing system, configured to be worn on the patient’s wrist and operably
connect to the first and second sensors, the processing system configured to deternine a
respiratory rate value by collectively processing frequency-domain spectra of fignals

from both the first and second sensors.

5. The system of claim 1, further comprising a sensor module tifat comprises both

the impedance pneumography sensor and the motion sensor.

6. The system of claim 5, wherein the sensor module /s configured to be worn on the

patient’s torso.

7. The system of claim 6, wherein the sensgf module comprises at least one analog-

to-digital converter configured to digitize thg’impedance pneumography signal.

8. The system of claim 7, whereiythe sensor module comprises at least one analog-

to-digital converter configured to digitize the motion signal.

0. The system of claim 8, further comprising a serial transceiver configured to

transmit digitized versigas of the impedance pneumography signal and motion signal to

the processing syste,

10. The syftem of claim 9, wherein the processing system is configured to be worn on

the patienys wrist.

11. The system of claim §, wherein the sensor module comprises the processing

ystem.

12. The system of claim 8§, further comprising a wireless transceiver.
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13. The system of claim 12, wherein the processing system is remote from the patient,
and the wireless transceiver is configured to wirelessly transmit digitized versions of the

impedance pneumography signal and motion signal to the processing system.

14. The system of claim 13, wherein the processing system is further configurgd to
wireless transmit a value describing respiratory rate to a second processor wopfl on the

patient’s body.

15. The system of claim 14, wherein the second processor is cofigured to display the

value describing respiratory rate on the patient’s body.

16. The system of claim 1, wherein the motion sensorAs an accelerometer.

17. The system of claim 16, wherein the accelergmeter is configured to generate a

unique motion waveform for each axis of a coopdinate system.

18. The system of claim 17, wherein tife processing system is further configured to
process each unique motion wavefornf to determine a posture corresponding to the

patient.

19. The system of clainy5, wherein the sensor module further comprises a

temperature sensor.

atient’s torso.
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22. A method for measuring respiratory rate from a patient, comprising the following
steps:

(a) measuring a time-dependent impedance pneumography signal from the patien
with an impedance pneumography sensor connected to at least two electrodes, the
impedance pneumography signal representing a time-dependent capacitance chagge in the
patient’s torso;

(b) measuring at least one time-dependent motion signal with a pfotion sensor
connected to the patient, the at least one motion signal corresponding to motion of a
portion of the patient’s body to which the motion sensor is attaghed;

(c) transforming the time-dependent impedance pnedmography signal into a
frequency-dependent impedance pneumography spectrgm;

(d) transforming the time-dependent motioy'signal into a frequency-dependent
motion spectrum;

(e) determining motion componenf from the frequency-dependent motion
spectrum that correspond to the patiepf’s motion;

(f) removing the motion cgmponents, or components calculated therefrom, from
the frequency-dependent impédance pneumography spectrum to generate a processed
frequency-dependent imp€dance pneumography spectrum; and

(g) analyzing/he processed frequency-dependent impedance pneumography

spectrum to dete/mine the patient’s respiratory rate.

23. A phethod for determining a respiratory rate value from a patient, comprising the
followAng steps:
(a) measuring a first time-dependent signal by detecting a modulated electrical

current passing through the patient’s torso;
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(b) measuring a second time-dependent signal by detecting movements in the
patient’s torso with at least one motion sensor;
(c) transforming the first time-dependent signal into a first frequency-domain

signal and the second time-dependent signal into a second frequency-domain signa

respiratory rate value.

24. A method for determining a respiratory rate valug/from a patient, comprising the
following steps:

(a) measuring at least one electrical signa¥affected by both respiratory rate and
motion with a first sensor;

(b) measuring a motion signal affécted by the patient’s motion with a second
sensor;

(c) transforming the motjén signal into the frequency domain to determine
frequency components corregponding to the patient’s motion; and

(d) removing theArequency components corresponding to the patient’s motion
from a transform of fhe at least one electrical signal to determine a respiratory rate value

for the patient.

25. Th# method of claim 22, wherein step (c) comprises taking a Fourier Transform of

the tirge-dependent impedance pneumography signal.

The method of claim 25, wherein step (c) comprises calculating a power spectrum

of the time-dependent impedance pneumography signal.

64




AVOD201L112250 PCETAS2011/0331040

WO ZUTI TIOYO0x

27. The method of claim 22, wherein step (d) comprises calculating a Fourier

Transform of the time-dependent motion signal.

28. The method of claim 27, wherein step (d) comprises calculating a power spec

of the time-dependent motion signal.

29. The method of claim 22, wherein step (e) comprises calculating a pgdk in the
frequency-dependent motion spectrum, the peak corresponding to the

components.

30. The method of claim 29, further comprising processing the peak in the frequency-

dependent motion spectrum to determine a digital filter.

31. The method of claim 30, further comprising/determining a passband for the digital
filter by processing the peak in the frequency-g€pendent motion spectrum, the passband

configured to pass frequency components

32. The method of claim 31, whefein step (f) further comprising processing the
frequency-dependent impedancefpneumography spectrum with the digital filter to remove

motion components and gengrate the processed frequency-dependent impedance

pneumography spectru

33. The methgd of claim 29, wherein step (f) comprises subtracting the motion
components fpobm the frequency-dependent impedance pneumography spectrum to

generate e processed frequency-dependent impedance pneumography spectrum.

The method of claim 29, wherein step (f) comprises dividing the motion
omponents from the frequency-dependent impedance pneumography spectrum to

generate the processed frequency-dependent impedance pneumography spectrum.
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35. The method of claim 30, wherein step (f) further comprises processing the
frequency-dependent impedance pneumography spectrum with a smoothing function after

applying the digital filter to generate the processed frequency-dependent impedance

pneumography spectrum.

36. The method of claim 30, wherein step (f) further comprises processing'the
frequency-dependent impedance pneumography spectrum with an averaging function
after applying the digital filter to generate the processed frequency-d¢pendent impedance

pneumography spectrum.

37. The method of claim 30, wherein step (g) further cgmprises analyzing the
processed frequency-dependent impedance pneumography spectrum to determine a

spectral peak, the spectral peak corresponding to tfe patient’s respiratory rate.

38. The method of claim 22, wherein th¢motion sensor is an accelerometer.

39. The method of claim 38, wher#in the accelerometer is configured to generate a

unique motion waveform for eaclyaxis of a coordinate system.

40. The method of claigf 39, further comprising processing each unique motion

waveform to determine/a posture corresponding to the patient.

4 The method of claim 41, further comprising processing the patient’s respiratory

rate and the posture corresponding to the patient to generate the alarm.
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43. A method for measuring respiratory rate from a patient, comprising the following
steps:

(a) measuring an impedance pneumography signal from the patient with an
impedance pneumography sensor connected to at least two electrodes, the impeglance
pneumography signal representing a time-dependent capacitance change in fie patient’s
torso;

(b) measuring at least one motion signal with a motion sensgf connected to the
patient, the at least one motion signal corresponding to motion of a portion of the
patient’s body to which the motion sensor is attached;

(c) analyzing the motion signal to determine a mtion parameter; and

(d) based on the motion parameter, selecting/%ne of the following algorithms to
process at least one of the motion and impedancg pneumography signals to determine the
patient’s respiratory rate: i) a first algorithmy/€Comprising a step for counting breathing-
induced pulses in the impedance pneumggraphy signal to determine respiratory rate; and
i1) a second algorithm comprising cgllectively processing both the motion signal and
impedance pneumography signyf to determine a digital filter, and then processing one of
the motion signal and impeghnce pneumography signal with the digital filter to determine

respiratory rate.

44. A method for measuring respiratory rate from a patient, comprising the following
steps:

(a)/measuring an impedance pneumography signal from the patient with an
impeddnce pneumography sensor connected to at least two electrodes, the impedance
pp€umography signal representing a time-dependent capacitance change in the patient’s

torso;
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(b) measuring at least one motion signal with a motion sensor connected to the
patient, the at least one motion signal corresponding to motion of a portion of the
patient’s body to which the motion sensor is attached;

(c) analyzing the motion signal to determine a motion parameter; and

(d) based on the motion parameter, selecting one of the following algopfthms to
process at least one of the motion and impedance pneumography signals tgdetermine the
patient’s respiratory rate: i) a first algorithm comprising a step for co
induced pulses in the impedance pneumography signal to determjfie respiratory rate; and
i) a second algorithm comprising transforming both the motjén signal and impedance
pneumography signal into frequency-domain signals, ang/then collectively processing the

frequency-domain signals to determine respiratory rfe.

45. A method for measuring respiratory raj€ from a patient, comprising the following
steps:
(a) measuring an impedance pfeumography signal from the patient with an
impedance pneumography sensor/onnected to at least two electrodes, the impedance
pneumography signal represefiting a time-dependent capacitance change in the patient’s
torso;
(b) measuring’at least one motion signal with a motion sensor connected to the
patient, the at legSt one motion signal corresponding to motion of a portion of the
patient’s body to which the motion sensor is attached;
) analyzing the motion signal to determine a motion parameter; and
(d) based on the motion parameter, selecting one of the following algorithms to
rocess both the motion and impedance pneumography signals to determine the patient’s

respiratory rate: 1) a first algorithm comprising collectively processing both the motion

signal and impedance pneumography signal to determine a digital filter, and then
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processing one of the motion signal and impedance pneumography signal with the digital
filter to determine respiratory rate; and ii) a second algorithm comprising transforming
both the motion signal and impedance pneumography signal into frequency-domain
signals, and then collectively processing the frequency-domain signals to determin:

respiratory rate.

46. A method for determining a respiratory rate value from a patient, fomprising the
following steps:

(a) measuring at least one electrical signal affected by at feast one of respiratory
rate and motion with a first sensor;

(b) measuring a motion signal affected by the pgfient’s motion with a second
sensor;

(c) analyzing the motion signal to deterpine a motion parameter;

(d) based on the motion parameter, gelecting at least one of the following
algorithms to determine the respiratoryfrate value: 1) a first algorithm that counts
breathing-induced pulses in the elg€trical signal; ii) a second algorithm that processes the
electrical signal with an adaptie filter generated by collectively processing the electrical
signal and the motion sigpal; and iii) a third algorithm that collectively processes

frequency-dependent gpectra of both the motion and electrical signals.

47. The meghod of claim 43, wherein the motion parameter is a degree of the patient’s
motion.
48. The method of claim 47, wherein step (c¢) further comprises selecting the first

gorithm if the degree of the patient’s motion is below a pre-determined threshold value.

49. The method of claim 47, wherein step (c) further comprises selecting the second

algorithm if the degree of the patient’s motion is above a pre-determined threshold value.

L0
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50. The method of claim 43, wherein the motion parameter is an activity level.

51. The method of claim 50, wherein step (c¢) further comprises selecting the first

algorithm if the activity level is resting.

52. The method of claim 50, wherein step (c) further comprises selecting th€ second

algorithm if the activity level is one of walking, moving, or running.

53. The method of claim 43, wherein the motion parameter is a

54. The method of claim 53, wherein step (c¢) further compfises selecting the first

algorithm if the posture is laying down.

55. The method of claim 53, wherein step (c) fupther comprises selecting the second

algorithm if the posture is one of standing up.

56. The method of claim 44, wherein /he motion parameter is a degree of the patient’s

motion.

57. The method of claim 5] wherein step (c¢) further comprises selecting the first

algorithm if the degree of ghe patient’s motion is below a pre-determined threshold value.

38. The method gt claim 56, wherein step (c) further comprises selecting the second

algorithm if the degree of the patient’s motion is above a pre-determined threshold value.

59. Th€ method of claim 44, wherein the motion parameter is an activity level.

The method of claim 59, wherein step (c¢) further comprises selecting the first

lgorithm if the activity level is resting.

61. The method of claim 59, wherein step (c) further comprises selecting the second

algorithm if the activity level is one of walking, moving, or running.
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62. The method of claim 44, wherein the motion parameter is a posture.

63. The method of claim 62, wherein step (c¢) further comprises selecting the first

algorithm if the posture is laying down.

64. The method of claim 63, wherein step (c) further comprises selecting yhe second

algorithm if the posture is one of standing up.

65. A system for measuring respiratory rate from a patient, co

configured to connect to a plurality of electrodes configureg/to be worn on the patient; ii)
a differential amplifier configured to receive electrical fignals from each of the plurality
of electrodes and process them to generate an analgg impedance pneumography signal;
and iii) an analog-to-digital converter configurgd to convert the analog impedance
pneumography signal into a digital impedagce pneumography signal;

a motion-sensing system compyfsing: 1) a motion detector configured to generate
an analog motion signal; and ii) an/nalog-to-digital converter configured to convert the
analog motion signal into a digftal motion signal; and

a processing systerd, configured to be worn on the patient’s body at a different
location than the impedance pneumography system and the motion-sensing system, the
processing system/onfigured to receive a cable that transmits both the digital impedance
pneumography/signal and the digital motion signal, and comprising a processor in
electrical gommunication with the cable and configured to receive the digital impedance
pneungography and digital motion signals and collectively process them to determine the

pafient’s respiratory rate.

66. A system for measuring respiratory rate from a patient, comprising:
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an impedance pneumography system comprising: i) a connecting portion
configured to connect to a plurality of electrodes configured to be worn on the patient; ii)
a differential amplifier configured to receive electrical signals from each of the pluralit,
of electrodes and process them to generate an analog impedance pneumography sighal;
and iii) an analog-to-digital converter configured to convert the analog impedafice
pneumography signal into a digital impedance pneumography signal;

a motion-sensing system comprising: 1) a motion detector conffgured to generate
an analog motion signal; and ii) an analog-to-digital converter copfigured to convert the
analog motion signal into a digital motion signal;

a processing system, configured to be worn on the/patient’s body at a different
location than the impedance pneumography system afd the motion-sensing system, the
processing system configured to receive a cable ffat transmits both the digital impedance
pneumography signal and the digital motion £ignal, and comprising a processor in
electrical communication with the cable And configured to receive the digital impedance
pneumography and digital motion signals and transmit them to a remote computer; and

the remote computer, copgtigured to receive the digital impedance pneumography
and digital motion signals, of mathematical derivatives thereof, collectively process these
signals with an algorithy to determine the patient’s respiratory rate, and then transmit a
value describing thg/respiratory rate back to the processing system for display on the

patient’s body.

67. ystem for measuring respiratory rate from a patient, comprising:
an impedance pneumography system comprising: i) a connecting portion
nfigured to connect to a plurality of electrodes configured to be worn on the patient; ii)
a differential amplifier configured to receive electrical signals from each of the plurality

of electrodes and process them to generate an analog impedance pneumography signal;
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and iii) an analog-to-digital converter configured to convert the analog impedance
pneumography signal into a digital impedance pneumography signal;

a motion-sensing system comprising: 1) a motion detector configured to generate
an analog motion signal; and ii) an analog-to-digital converter configured to converythe
analog motion signal into a digital motion signal;

a processing system, configured to be worn on the patient’s body at A different
location than the impedance pneumography system and the motion-senging system, the
processing system configured to receive a cable that transmits bothAhe digital impedance
pneumography signal and the digital motion signal, and compriSing a processor in
electrical communication with the cable and configured tofeceive the digital impedance
pneumography and digital motion signals and transmiythem to a remote computer; and

the remote computer, configured to receivg/the digital impedance pneumography

and digital motion signals, or mathematical dgfivatives thereof, collectively process these

signals with an algorithm to determine thg/patient’s respiratory rate.

68. A system for measuring respiratory rate from a patient, comprising:
a sensor module, confighired to be worn on the patient’s torso, comprising an
impedance pneumography gensor configured to measure a digital impedance
pneumography signal, 4 motion sensor configured to measure a digital motion signal, and
a serial transceivey/configured to transmit the digital signals through a cable configured to
attach to the pAtient’s arm; and
ocessing system, configured to be worn on the patient’s wrist, comprising a
conngftor that receives the cable, and a processor that receives digital impedance
pAeumography and motion signals from the cable and processes them with an algorithm

that includes at least three unique calculations for determining respiratory rate, with the

calculation being selected depending on the patient’s degree of motion.
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69. A system for measuring respiratory rate from a patient, comprising:

a sensor module, configured to be worn on the patient’s torso, comprising an
impedance pneumography sensor configured to measure a digital impedance
pneumography signal, a motion sensor configured to measure a digital motion sign, and
a serial transceiver configured to transmit the digital signals through a cable; a

a processing system, configured to be worn on the patient’s wrist, cdmprising a
connector that receives the cable, and a processor that receives digital |

pneumography and motion signals from the cable and collectively processes them with an

algorithm for determining respiratory rate.

70. The system of claim 65, further comprising a seggor module that comprises both

the impedance pneumography system and the motiof sensing system.

71. The system of claim 70, wherein the sgisor module further comprises a skin

temperature sensor.

72. The system of claim 70, whefein the sensor module further comprises a sensor for

measuring an electrocardiogra

73. The system of claiph 70, wherein the sensor module further comprises a

microprocessor.

74. The systgm of claim 73, wherein the microprocessor is configured to process the
digital impedance pneumography signal and digital motion signal before they are

transmigfed through the cable to the processing system.

The system of claim 74, wherein the microprocessor is configured to digitally
filter the digital impedance pneumography signal and digital motion signal before they

are transmitted through the cable to the processing system.
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76. The system of claim 65, wherein the cable is configured to attach to the patient’s

arm.

77. The system of claim 76, wherein the cable further comprises an embedded
accelerometer.

78. The system of claim 65, wherein the motion-sensing system compri
accelerometer.

79. The system of claim 78, wherein the accelerometer is conféured to generate at

least three analog motion signals, each corresponding to a diff¢rent axis on the patient,
and the analog-to-digital converter is configured to convepf each of the three analog

motion signals into a unique digital motion signal.

80. The system of claim 79, wherein the progessing system is further configured to
receive a digital motion signal corresponding to each axis on the patient, and collectively

process the digital motion signals to detZimine a posture corresponding to the patient.

81. The system of claim 80, wHerein the processing system is further configured to
generate an alarm based on bgth a posture and respiratory rate corresponding to the

patient.

82. The system ¢f claim 70, wherein the sensor module comprises a connector

configured to cofinect directly to a first electrode.

83. system of claim 82, wherein the sensor module is further configured to

connegt through a cable harness to a second and third electrode.

The system of claim 65, wherein the processing system further comprises a

display configured to render a value of respiratory rate.
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85. The system of claim 65, wherein the processing system further comprises a

wireless transmitter configured to wirelessly transmit a value of respiratory rate.




(Subbe et al., ‘Effect of introducing the Modified Early Warning score on clinical
outcomes, cardio-pulmonary arrests and intensive care utilization in acute medical
admissions’, Anaesthesia 2003; 58: 797-802). Goldhill et al. reported that 21% of ward
patients with a RR of 25-29 breaths/minute assessed by a critical care outreach service
died in hospital (Goldhill et al., ‘A physiologically-based early warning score for ward
patients: the association between score and outcome’, Anaesthesia 2005; 60: 547-553).
Those with a higher RR had even higher mortality rates. In another study, just over half
of all patients suffering a serious adverse event on the general wards (e.g. a cardiac arrest
or ICU admission) had a RR greater than 24 breaths/minute. These patients could have
been identified as high risk up to 24 hours before the event with a specificity of over 95%
(Cretikos et al., ‘The Objective Medical Emergency Team Activation Criteria: a case—
control study’, Resuscitation 2007; 73: 62-72). Medical references such as these clearly
indicate that an accurate, easy-to-use device for measuring RR is an important component
for patient monitoring within the hospital.

[0009] Despite its importance and the large number of available monitoring
techniques, RR is notoriously difficult to measure, particularly when a patient is moving.
During periods of motion, non-invasive techniques based on IP and PPG signals are
usually overwhelmed by artifacts, and thus completely ineffective. This makes it difficult
or impossible to measure RR from an ambulatory patient. Measurements based on et-
CO2 are typically less susceptible to motion, but require a plastic tube inserted in the
patient’s mouth, which is uncomfortable and typically impractical for ambulatory
patients.

SUMMARY OF THE INVENTION

[0009a] The invention is defined in the independent claim. Some optional features of
the invention are defined in the dependent claims.

[0010] The techniques disclosed herein provide a technique for measuring RR using
multiple input signals, including IP and accelerometer waveforms (ACC). After being

measured with a



triggers a false alarm. Such a situation can be avoided with an independent measurement
of motion, such as that described herein. Other heuristic rules based on analysis of ACC
waveforms may also be deployed.

[0014] Sensors attached to the wrist and bicep each measure signals that are
collectively analyzed to estimate the patient’s arm height; this can be used to improve
accuracy of a continuous blood pressure measurement (cNIBP), as described below, that
measures systolic (SYS), diastolic (DIA), and mean (MAP) arterial blood pressures. And
the sensor attached to the patient’s chest measures signals that are analyzed to determine
posture and activity level, which can affect measurements for RR, SpO2, cNIBP, and
other vital signs. Algorithms for processing information from the accelerometers for
these purposes are described in detail in the following patent applications, the contents of
which are fully incorporated herein by reference: BODY-WORN MONITOR
FEATURING ALARM SYSTEM THAT PROCESSES A PATIENT’S MOTION AND
VITAL SIGNS (U.S.S.N 12/469,182; filed May 20, 2009) and BODY-WORN VITAL
SIGN MONITOR WITH SYSTEM FOR DETECTING AND ANALYZING MOTION
(U.S.S.N 12/469,094; filed May 20, 2009). As described therein, knowledge of a
patient’s motion, activity level, and posture can greatly enhance the accuracy of
alarms/alerts generated by the body-worn monitor.

[0015] The body-worn monitor features systems for continuously monitoring patients
in a hospital environment, and as the patient transfers from different areas in the hospital,
and ultimately to the home. Both SpO2 and cNIBP rely on accurate measurement of PPG
and ACC waveforms, along with an ECG, from patients that are both moving and at rest.
cNIBP is typically measured with the ‘Composite Technique’, which is described in
detail in the co-pending patent applications entitled: VITAL SIGN MONITOR FOR

MEASURING BLOOD PRESSURE USING OPTICAL, ELECTRICAL, AND



applications, the contents of which have been previously incorporated herein by
reference.

[0018] In one exemplary technique, there is provided a system for measuring RR
from a patient. The system includes an IP sensor, connected to at least two electrodes,
and a processing system that receives and processes signals from the electrodes to
measure an [P signal. The electrodes can connect to the IP sensor through either wired or
wireless means. A motion sensor (e.g. an accelerometer) measures at least one motion
signal (e.g. an ACC waveform) describing movement of a portion of the patient’s body to
which it is attached. The processing system receives the IP and motion signals, and
processes them to determine, respectfully, frequency-domain IP and motion spectra. Both
spectra are then collectively processed to remove motion components from the IP
spectrum and determine RR. For example, during the processing, an algorithm
determines motion frequency components from the frequency-domain motion spectrum,
and then using a digital filter removes these, or parameters calculated therefrom, from the
IP spectrum.

[0019] In embodiments, a single sensor module, adapted to be worn on the patient’s
torso, encloses both the IP sensor and the motion sensor. The sensor module typically
includes at least one analog-to-digital converter configured to digitize the IP signal; this
component may be integrated directly into a single-chip circuit (e.g. an application-
specific integrated circuit, or ASIC), or in a circuit consisting of a collection of discrete
components (e.g. individual resistors and capacitors). The sensor module can also
include at least one analog-to-digital converter configured to digitize the motion signal.
Similarly, this component can be integrated directly into the accelerometer circuitry.
Digitizing the IP and motion signals before transmitting them to the processing system

has several advantages, as described in detail below.



[0020] In other embodiments, the sensor module includes a temperature sensor for
measuring the patient’s skin temperature, and an ECG circuit (corresponding to a three,
five, or twelve-lead ECG) for measuring an ECG waveform. In embodiments, the sensor
module simply rests on the patient’s chest during a measurement, or can be connected
with a small piece of medical tape. Alternatively, the housing features a connector that
connects directly to an ECG electrode worn on the patient’s torso.

[0021] The processing system is typically worn on the patient’s wrist. Alternatively,
this system can be within the sensor module, or within a remote computer server (located,
e.g., in a hospital’s IT system). Typically a wireless transceiver (e.g. a transceiver based
on 802.11 or 802.15.4 transmission protocols) is included in the system, typically within
the processing module. Such a transceiver, for example, can wirelessly transmit IP and
ACC waveforms to a remote processing system for further analysis. In this case, the
processing system is further configured to wireless transmit a RR value back to a second
processor worn on the patient’s body, where it can then be displayed (using, e.g., a
conventional display).

[0022] Accelerometers used within the system typically generate a unique ACC
waveform corresponding to each axis of a coordinate system. In embodiments the system
can include three accelerometers, each worn on a different portion of the patient’s body.
Waveforms generated by the accelerometers can then be processed as described in detail
below to determine the patient’s posture.

[0023] In another exemplary technique, there is provided an algorithm, typically
implemented using compiled computer code, a computer memory, and a microprocessor,
that processes IP and ACC waveforms by calculating their power spectra by way of a
Fourier transform (e.g. a fast Fourier transform, of FFT). The algorithm then determines
motion components from the frequency-dependent ACC spectrum, and using a digital

filter



removes these, or components calculated therefrom, from the frequency-dependent IP
spectrum. This yields a processed, frequency-dependent IP spectrum which can then be
analyzed as described in detail below to estimate RR, even when large amounts of
motion-induced noise are evident on the IP signal.

[0024] In embodiments, power spectra for both the IP and ACC waveforms are
calculated from a complex FFT that includes both real and imaginary components. In
other embodiments, alternative mathematical transforms, such as a Laplace transform,
can be used in place of the FFT.

[0025] To determine a digital filter from the ACC power spectrum, the algorithm
typically includes a method for first finding a peak corresponding to one or more
frequencies related to the patient’s motion. A bandpass filter, characterized by a
passband which filters out these (and related) frequencies, is then generated and used to
process the IP spectrum. Alternatively, these frequencies can simply be divided or
subtracted from the IP spectrum. In all cases, this yields a processed IP spectrum which
is then further analyzed to determine a frequency corresponding to RR. Analysis can
include smoothing, averaging, or related methodologies uses to extract a single frequency,
corresponding to RR, from a collection of frequencies. In embodiments, the algorithm
can also include a component that generates an alarm if the patient’s RR is greater than a
first pre-determined threshold, or less than a second pre-determined threshold. The alarm
can be generated by considering both the patient’s RR and posture.

[0026] In another exemplary technique, there is provided a multi-component
algorithm for determining RR. The multi-component algorithm first determines a motion
parameter from the ACC waveform. The motion parameter indicates the patient’s degree
of motion, activity level, or posture. Based on the motion parameter, the multi-
component algorithm then selects one of the following algorithms to process one or both

of the ACC and IP
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waveforms to determine RR: 1) a first algorithm featuring counting breathing-induced
pulses in the IP waveform; and ii) a second algorithm featuring collectively processing
both the ACC and IP waveform to determine a digital adaptive filter, and then processing
one of these waveforms with the adaptive filter to determine RR; and iii) a third algorithm
featuring mathematically transforming both the ACC and IP waveforms into frequency-
domain spectra, and then collectively processing the spectra to determine RR. Typically
the first, second, and third algorithms are deployed, respectively, when the motion
parameter indicates the patient’s motion is non-existent, minimal, or large. For example,
the first algorithm is typically deployed when the patient is resting; the second algorithm
deployed when the patient is moving about somewhat; and the third algorithm deployed
when the patient is standing up, and possibly walking or even running.

[0027] In another exemplary technique, the multi-component algorithm is deployed
on one or more microprocessors associated with the system. For example, to conserve
battery life of the body-worn monitor, numerically intensive calculations (such as the FFT
or those used to generate the digital filter) can be performed on a remote server;
intermediate or final parameters associated with these calculations can then be wirelessly
transmitted back to the body-worn monitor for further processing or display. In another
embodiment, portions of the multi-component algorithm can be carried out by
microprocessors located in both the wrist-worn transceiver and chest-worn sensor
module. The microprocessors can communicate through serial or wireless interfaces.
This latter approach will have little impact on battery life, but can reduce processing time
by simultaneously performing different portions of the calculation.

[0028] In another exemplary technique, there is provided a method for measuring RR
from a patient using an algorithm based on a digital adaptive filter. In this approach, the
body-worn monitor measures both IP and ACC waveforms as described above. The

waveforms
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are then collectively processed to determine a set of coefficients associated with the
adaptive filter. Once calculated, the coefficients are stored in a computer memory. At a
later point in time, the monitor measures a second set of [P and ACC waveforms, and
analyzes these to determine a motion parameter. When the motion parameter exceeds a
pre-determined threshold, the algorithm processes the set of coefficients and the latest IP

waveform to determine a processed IP waveform, and then analyzes this to determine RR.

[0029] In embodiments, the digital adaptive filter is calculated from an impulse
response function, which in turn is calculated from either a FIR function or an
autoregressive moving average model. The order of the adaptive filter calculated from
the impulse response function is typically between 20 and 30, while the order of the filter
calculated from the autoregressive moving average model is typically between 1 and 5. A
specific mathematic approach for calculating the digital adaptive filter is described below
with reference to Egs. 1-16. As described above, the coefficients can be calculated using a
microprocessor located on the wrist-worn transceiver, sensor module, or a remote server.
[0030] In yet another exemplary technique, there is provided a system for measuring
RR featuring a sensor module configured to be worn on the patient’s torso. The sensor
module includes sensors for measuring both IP and ACC waveforms, and a serial
transceiver configured to transmit the digital signals through a cable to a wrist-worn
processing system. This system features a connector that receives the cable, and a
processor that receives digital signals from the cable and collectively processes them with
a multi-component algorithm to determine RR. In embodiments, the sensor module
digitally filters the IP and ACC waveforms before they pass through the cable. The cable
can also include one or more embedded accelerometers, and is configured to attach to the

patient’s arm.
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[0031] In all embodiments, the wrist-worn transceiver can include a display
configured to render the patient’s RR and other vital signs, along with a touchpanel
interface. A wireless transceiver within the wrist-worn transceiver can transmit
information to a remote computer using conventional protocols such as 802.11, 802.15.4,
and cellular (e.g. CDMA or GSM). The remote computer, for example, can be connected
to a hospital network. It can also be a portable computer, such as a tablet computer,
personal digital assistant, or cellular phone.

[0032] Many advantages are associated with the implementation of the disclosed
exemplary techniques. In general, the techniques disclosed herein may provide an
accurate measurement of RR, along with an independent measurement of a patient’s
posture, activity level, and motion. These parameters can be collectively analyzed to
monitor a hospitalized patient and improve true positive alarms while reducing the
occurrence of false positive alarms. Additionally, the measurement of RR may be
performed with a body-worn monitor that is comfortable, lightweight, and low-profile,
making it particularly well suited for ambulatory patients. Such a monitor could
continuously monitor a patient as, for example, they transition from the emergency
department to the ICU, and ultimately to the home after hospitalization.

[0033] Still other embodiments are found in the following detailed description of the
invention and in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Fig. 1 shows a schematic view of a patient wearing a sensor module on their
chest that connects to three electrodes arranged in an Einthoven’s triangle configuration
and measures both ACC and IP waveforms;

[0035] Fig. 2 shows a schematic view of a patient wearing a sensor module on their
belly that connects to three electrodes arranged in an Einthoven’s triangle configuration

and measures both ACC and IP waveforms;
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[0036] Fig. 3A is a schematic view of a patient wearing an alternate arrangement
featuring a sensor module for measuring I[P and ACC waveforms that connects directly
through an electrode to the patient’s belly;

[0037] Fig. 3B is a schematic, cross-sectional view of the sensor module of Fig. 3A
connected to the patient’s belly with the electrode;

[0038] Figs. 4A and 4B show, respectively, a three-dimensional image of the body-
worn monitor attached to a patient during and after an initial indexing measurement;
[0039] Fig. 5 shows a three-dimensional image of the wrist-worn transceiver used
with the body-worn monitor from Figs. 4A and 4B;

[0040] Fig. 6 shows a schematic view of a multi-component algorithm used to
collectively process ACC and IP waveforms to measure RR;

[0041] Fig. 7 shows a schematic drawing of Algorithm 1 used in the multi-component
algorithm of Fig. 6;

[0042] Fig. 8 shows a schematic drawing of computation steps used in Algorithm 1 to
calculate RR;

[0043] Fig. 9 shows a series of time-dependent IP waveforms (left-hand side) and
their corresponding mathematical derivatives (right-hand side) measured from a slowly
breathing patient and processed with digital filters featuring gradually decreasing
passbands;

[0044] Fig. 10 shows a series of time-dependent IP waveforms (left-hand side) and
their corresponding mathematical derivatives (right-hand side) measured from a rapidly
breathing patient and processed with digital filters featuring gradually decreasing

passbands;

14



simultaneously measures acceleration (e.g. motion) along x, y, and z axes of a local
coordinate system, such as that shown in Fig. 29. As shown in this figure, and described
in more detail below, the accelerometer 12 is preferably aligned so the z axis points into
the patient’s torso. Within the accelerometer 12 is an internal analog-to-digital converter
that generates a digital ACC waveform corresponding to each axis.

[0074] Also within the sensor module 25 is a microprocessor 33 and analog-to-digital
converter (not shown in the figure) that digitize the IP and ACC waveforms, and sends
them through a serial protocol (e.g. the control area network, or CAN protocol) to the
wrist-worn transceiver for further processing. There, IP and ACC waveforms are
processed with the multi-component algorithm to determine the patient’s RR.
Alternatively, the algorithms can be performed in part with a remote server, or with the
microprocessor 33 mounted within the sensor module. Additional properties such as the
patient’s posture, degree of motion, and activity level are determined from these same
digital ACC waveforms. The axis within the accelerometer’s coordinate system that is
aligned along the patient’s torso (and thus orthogonal to their respiration-induced torso
movement) is typically more sensitive to events not related to respiration, e.g. walking
and falling.

[0075] In a preferred configuration, digital accelerometers manufactured by Analog
Devices (e.g. the ADXL345 component) are used in the configuration shown in Fig. 1.
These sensors detect acceleration over a range of +/-2 g (or, alternatively, up to +/-8 g)
with a small-scale, low-power circuit.

[0076] Many patient’s are classified as ‘belly breathers’, meaning during respiration
their belly undergoes larger movements than their chest. A relative minority of patients
are ‘chest breathers’, indicating that it is the chest that undergoes the larger movements.

For this reason it is preferred that RR is determined using an ACC waveform detected
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generated by different sensors. This includes multiple ECG waveforms (corresponding,
e.g., to vectors associated with three, five, and twelve-lead ECG systems) from the ECG
circuit 26, the IP waveform from the IP circuit 27, and ACC waveforms associated with
the x, y, and z axes of accelerometers 10, 12 attached to the patient’s chest. Limiting the
transmission line to a single cable reduces the number of wires attached to the patient,
thereby decreasing the weight and cable-related clutter of the body-worn monitor.
Second, cable motion induced by an ambulatory patient can change the electrical
properties (e.g. electrical impendence) of its internal wires. This, in turn, can add noise to
an analog signal and ultimately the vital sign calculated from it. A digital signal, in
contrast, is relatively immune to such motion-induced artifacts. More sophisticated ECG
circuits can plug into the wrist-worn transceiver to replace the three-lead system shown in
Figs. 1 and 2. These ECG circuits, for example, can include, e.g., five and twelve leads.
[0080] Digital data streams are typically transmitted to the wrist-worn transceiver
using a serial protocol, such as the CAN protocol, USB protocol, or RS-232 protocol.
CAN is the preferred protocol for the body-worn monitor described in Figs. 4A, 4B.
[0081] Multi-Component Algorithm for Determining RR

[0082] Fig. 6 shows an overview of a multi-component algorithm 149, implemented
with the body-worn monitor shown in Figs. 4A, 4B, and 5 and an accompanying server,
which determines a patient’s RR. The algorithm features the following components for
determining RR from a hospitalized patient undergoing different levels of motion:

Algorithm 1 — simple peak-counting calculation implemented on the wrist-worn
transceiver; used when patient motion is minimal or non-existent

Algorithm 2 — adaptive filtering calculation with filtering parameters calculated
on the wrist-worn transceiver; used when some patient motion is evident
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sampled at the same rate. If the IP waveform is sampled at a higher frequency than that
used for the ACC waveform (e.g. 50 Hz), then this waveform may be converted into a 50
Hz waveform using conventional mathematical techniques, such as decimation or a
numerical ‘mapping’ operation.

[0101] At this point zero mean input and output signals for u[i] and y[i] are
constructed by subtracting the ensemble signal mean from each signal. This operation,

shown below in Egs. 2 and 3, effectively removes any DC offset (step 252).

uli) = uli] - (3) i ulk] @)
k=1
1 N
ylil = v1i1 - (3) D viK] G
k=1

[0102] A mathematical model used to define the impulse response function of the
adaptive filter may be chosen, with the two primary options being filters based on FIR
(finite impulse response) or ARMA (autoregressive moving average) models. Both
models are indicated below in Egs. 4 and 5, but only one should be chosen and
implemented during the algorithm (step 254):

FIR Model

H[z] =by+ bzt +--+ b z7L 4)
ARMA Model

by + byz7t + -+ byz™
1+az7t+--+a,z7?

H[z] = (%)

At this point the order of the filter is determined. For the FIR model, the order is L; for
the ARMA model, the order is m and p. In a preferred embodiment, the orders for L, m,
and p are, respectively, 25, 2, and 2; these values may vary depending on the degree of

motion and the computational capabilities on the wrist-worn transceiver. A column
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[0122] Fig. 26 shows an alternate arrangement wherein a rolling average is used in
place of the smoothing filter described above with reference to Fig. 25. Here, the rolling
average is gradually increased from O points (Fig. 26A, at the top of the page) to 100
points. When the average is increased above about 20 points the features in the frequency
spectrum begin to blend together to form a well-defined peak that can be easily analyzed
using the peak-finding algorithm referenced above.

[0123] Referring to Figs. 27 and 28, the number of time-domain samples used to
calculate an associated Fourier Transform and power spectrum will have a significant
influence on the resolution of the power spectrum. In general, increasing the number of
time-domain samples will increase resolution in the power spectrum. In this
configuration, the frequency-domain resolution can be arbitrarily increased by adding
constant values to the time-domain ACC and IP waveform. In this technique, typically
called ‘zero padding’, the constant values are typically 0, or alternatively a constant value.
[0124] Both Fig. 27 and 28 show a time-domain IP waveform (Figs. 27A and 28A,
shown at the top of the page) along with associated power spectra calculated,
respectively, using 1000 points (Figs. 27B, 28B), 500 points (Fig. 27C, 28C), and 250
points (Fig. 27D, 28D). The IP waveform for this figure was sampled at 25 Hz, and thus
the time-domain markers that correspond to the above-mentioned points are indicated by
a light gray circle (1000 points), a dark gray circle (500 points), and a black circle (250
points). As shown in Figs. 27B, 28B, 27C, 28C, power spectra determined with both
1000-point and 500-point Fourier Transforms feature roughly the same frequency profile,
with, as expected, the 1000-point spectra showing relatively greater resolution. Power
spectra calculated from the 250-point Fourier Transform show one or more very broad
peaks, and, importantly, undergo a frequency shift which trends toward higher

frequencies for the dominant peak. Such a frequency shift will result in an erroneous
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determined using DC signals from the accelerometers 413, 414 disposed, respectively, on
the patient’s bicep and wrist. Posture, in contrast, can be exclusively determined by the
accelerometer 412 worn on the patient’s chest. An algorithm operating on the wrist-
worn transceiver extracts DC values from waveforms measured from this accelerometer
and processes them with an algorithm described below to determine posture.

[0127] Specifically, torso posture is determined for a patient 410 using angles
determined between the measured gravitational vector and the axes of a torso coordinate

space 411. The axes of this space 411 are defined in a three-dimensional Euclidean space

where ﬁcv is the vertical axis, ﬁCH is the horizontal axis, and ﬁCN is the normal axis.
These axes may be identified relative to a ‘chest accelerometer coordinate space’ before
the patient’s posture can be determined.

[0128] The first step in determining a patient’s posture is to identify alignment of ﬁcv

in the chest accelerometer coordinate space. This can be determined in either of two

approaches. In the first approach, ﬁcv is assumed based on a typical alignment of the
body-worn monitor relative to the patient. During a manufacturing process, these
parameters are then preprogrammed into firmware operating on the wrist-worn
transceiver. In this procedure it is assumed that accelerometers within the body-worn

monitor are applied to each patient with essentially the same configuration. In the second

approach, ECV is identified on a patient-specific basis. Here, an algorithm operating on

the wrist-worn transceiver prompts the patient (using, e.g., video instruction operating on
the wrist-worn transceiver, or audio instructions transmitted through a speaker) to assume
a known position with respect to gravity (e.g., standing upright with arms pointed straight
down). The algorithm then calculates ﬁcv from DC values corresponding to the x, y, and
z axes of the chest accelerometer while the patient is in this position. This case, however,

still requires knowledge of which arm (left or right) the monitor is worn on, as the chest
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[0156] Figs. 3A, 3B show yet another alternate arrangement wherein a sensor module
25 attaches to the belly of a patient 10 using an electrode 24 normally attached to the
lower left-hand portion of the patient’s torso. Specifically, the sensor module 25 includes
a connector 253 featuring an opening that receives the metal snap or rivet present on most
disposable ECG electrodes. Connecting the connector 253 to the electrode’s rivet holds
the sensor module 25 in place. This configuration reduces the number of cables in the
body-worn monitor, and additionally secures an accelerometer 12 to the patient’s belly.
This is typically the part of their torso that undergoes the greatest motion during
respiration, and thus generates ACC waveforms with the highest possible signal-to-noise
ratio. Also contained within the sensor module 25 are the ECG circuit 26, the IP circuit
27, microprocessor 33, and a temperature sensor 34.

[0157] To measure IP and ECG waveforms, the sensor module 25 connects through
cables to electrodes 20, 22 attached, respectively, to the upper right-hand and left-hand
portions of the patient’s torso. This system measures RR using the peak counting,
adaptive filtering, and FFT-based approaches described above, and has the additional
advantage of measuring a relatively large ACC signals indicating respiration-induced
motions of the patient’s belly. As described above, these signals are typically generated
by the z-axis of the accelerometer 12, which is normal to the patient’s torso. ACC signals
along the x and y-axes can be additionally processed to determine the patient’s posture
and activity level, as described above. Once RR and these motion-related properties are
measured, a transceiver in the sensor module (not shown in the figure) transmits them in
the form of a digital data stream through a cable to the wrist-worn transceiver for further
processing.

[0158] Still other embodiments are within the scope of the following claims.
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What is claimed is:
1. A system for non-invasively measuring respiratory rate from a patient, comprising:

an impedance pneumography sensor comprising:

at least two electrodes configured to be positioned on the patient’s torso and to detect
respiration-induced impedance changes indicative of respiration, and

a sensor module configured to be worn on the patient’s torso and operably connected
to the at least two electrodes, the sensor module comprising a processing circuit configured to
process signals from the at least two electrodes to measure an impedance pneumography
signal from the patient and a motion sensor configured to measure at least one motion signal
corresponding to motion of a portion of the patient’s body to which it is attached; and

a processing system configured to receive the impedance pneumography signal and
process it to determine a frequency-domain impedance pneumography spectrum, and to
receive the motion signal and process it to determine a frequency-domain motion spectrum,
the processing system further configured to collectively process both the impedance
pneumography spectrum and motion spectrum to remove motion components from the

impedance pneumography spectrum and then determine respiratory rate.

2. The system of claim 1, wherein the sensor module comprises at least one analog-to-

digital converter configured to digitize the impedance pneumography signal.

3. The system of claim 2, wherein the sensor module comprises at least one analog-to-

digital converter configured to digitize the motion signal.

4. The system of claim 1, further comprising a serial transceiver configured to transmit
digitized versions of the impedance pneumography signal and motion signal to the processing

system.
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5. The system of claim 1, wherein the processing system is configured to be worn on the

patient’s wrist.

6. The system of claim 1, wherein the sensor module comprises the processing system.
7. The system of claim 1, further comprising a wireless transceiver.
8. The system of claim 7, wherein the processing system is remote from the patient, and

the wireless transceiver is configured to wirelessly transmit digitized versions of the

impedance pneumography signal and motion signal to the processing system.

9. The system of claim 8, wherein the processing system is further configured to
wirelessly transmit a value describing respiratory rate to a second processor worn on the

patient’s body.

10. The system of claim 9, wherein the second processor is configured to display the

value describing respiratory rate on the patient’s body.

11. The system of claim 1, wherein the motion sensor is an accelerometer.

12. The system of claim 11, wherein the accelerometer is configured to generate a unique

motion waveform for each axis of a coordinate system.

13. The system of claim 12, wherein the processing system is further configured to

process each unique motion waveform to determine a posture corresponding to the patient.

14. The system of claim 1, wherein the sensor module further comprises a temperature
Sensor.
15. The system of claim 1, wherein the sensor module further comprises a sensor for

measuring an electrocardiogram.
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16. The system of claim 1, wherein the sensor module comprises a housing, the housing

comprising a connector that connects directly to an electrode worn on the patient’s torso.
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