US20110301437A1

a9 United States

a2y Patent Application Publication (o) Pub. No.: US 2011/0301437 A1

Gabriel et al.

43) Pub. Date: Dec. 8, 2011

(54) HEALTH MONITORING BOLUS

(76) Inventors:

Karim M. Gabriel, Lunenburg,
MA (US); James H. Rooney, III,
Harvard, MA (US); Charles M.
Ciany, Newport, RI (US); Robert
L. Lescanec, Norwood, MA (US)

Publication Classification

(51) Int.ClL

AG6IB 5/00 (2006.01)
(G2 N LT ¢! K 600/301
(57) ABSTRACT

A bolus for insertion in a body fluid includes a housing, a
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HEALTH MONITORING BOLUS

FIELD OF THE INVENTION

[0001] The subject invention relates to devices used to
monitor the health of subjects such as cows.

BACKGROUND OF THE INVENTION

[0002] An electronic bolus is a device inserted into a sub-
ject in order to monitor one or more parameters typically
indicative of the health and condition of the subject and pro-
vide a means of unique identification. Various forms of elec-
tronic boluses have been proposed in the art. Most include
several sensors while some only provide identification. Oth-
ers include only one specific sensor and are limited in the
amount of information that can be ascertained. Some have
sensors disposed on the outside of the bolus. Examples of
different bolus devices are found in U.S. Published Patent
Application Nos. 2009/0187392 and 2007/0088194; and U.S.
Pat. No. 6,059,733.

[0003] Acute outbreaks of disease continually threaten
cattle, buffalo, sheep, pigs and other farm animals. Such
outbreaks have caused substantial economic losses globally.
For example, outbreaks of bovine spongiform encephalopa-
thy (commonly known as mad cow disease) in the UK neces-
sitated the slaughter of 3.3 million cattle with an estimated
loss of over $7.2 B. A mad cow outbreak in the U.S. accounted
for an annual loss of $2 B in beef exports. Similarly, a swine
foot and mouth disease in Taiwan caused the destruction of
over 3.8 million pigs and an estimated loss of $6.9 B.

[0004] Rapid and accurate diagnosis of disease in livestock
is an important component of a comprehensive animal health
program. Disease diagnosis in animals is often based on a
combination of clinical signs and subsequent testing. Utiliz-
ing current methods, case definition is often subjective and
confirmatory diagnostic test results are unavailable in real-
time, if at all.

[0005] In an outbreak of a highly contagious disease, the
ability to rapidly and accurately identify clinically ill animals
is an important control point for mitigating disease transmis-
sion. Advances in electronics and wireless technologies have
created bolus systems for monitoring discrete parameters
such as temperature, heartbeat rate and respiration rate in
livestock. The ability to remotely monitor animal wellness,
condition and diagnose disease would provide a valuable
surveillance method for the livestock industry.

[0006] Physiologic parameters in animals have been moni-
tored as indications of well-being. The common parameters
of temperature, heart rate and respiratory rate are often used
to distinguish clinical illness. Most commonly, these are uti-
lized as areading at a single time point and not as a continuous
data stream (or signal). Continuous monitoring of these
physiologic variables would provide insight into the disease
process and allow for early discrimination of clinical illness.
A system that continuously samples physiologic parameters
in animals and uses these samples to diagnose disease and
condition, and then reports such disease remotely would be of
great value.

[0007] Some proposed bolus systems are often complex,
unreliable, and expensive. When each animal in a herd of
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thousands of animals is to be equipped with a bolus, each
bolus cannot be unduly expensive.

BRIEF SUMMARY OF THE INVENTION

[0008] The invention features, in one example, a bolus
which requires only a single sensor, typically an acoustic
transducer, to measure physiological parameters such as tem-
perature, the pH level of the subject’s body fluid, the subject’s
heart rate, breathing rate, activity level, and the like. The
bolus includes a chamber which admits body fluid therein in
order to determine the temperature and pH level of the fluid
and thus the subject. In various embodiments, the bolus
includes its own power storage and charging circuit and a data
transmission subsystem which includes a means for uniquely
identifying the subject. A data processing subsystem within
the bolus is capable of conducting on-board diagnosis of the
subject and may include the ability to receive commands and
data from an external source.

[0009] The subject invention, however, in other embodi-
ments, need not achieve all these objectives and the claims
hereof should not be limited to structures or methods capable
of achieving these objectives.

[0010] The invention features, in one example, a bolus for
insertion in a body fluid. One bolus includes a housing, a
chamber in the housing admitting body fluid therein, and a
transducer in the housing. The transducer provides a signal
through the body fluid for measuring the pH level and/or
temperature of the body fluid. The transducer also generates a
signal in response to vibrations for detecting one or more
physiological parameters.

[0011] One or more layers may be disposed between the
transducer and the chamber to reduce interface reflections.
The chamber may also include a high impedance material
spaced from the transducer. In one version, a medium is
disposed adjacent the transducer for measuring temperature.
[0012] One preferred bolus further includes a control sub-
system configured to activate the transducer to provide a
signal through the body fluid and to receive a signal generated
by the transducer in response to vibrations. A power source in
the housing powers the control subsystem. In one embodi-
ment, the charging circuit is responsive to a voltage generated
by the transducer in response to vibrations received by the
transducer and the charging circuit supplies this voltage to the
power source.

[0013] One preferred bolus further includes a data process-
ing subsystem responsive to the control subsystem for ana-
lyzing signals to make a diagnosis. A transceiver in the hous-
ing transmits the diagnosis data and a memory stores
diagnosis data.

[0014] In one example, the bolus comprises a chamber
admitting fluid therein, a sensor providing a signal through
the fluid for measuring the pH level and/or temperature of the
fluid, the sensor generating a signal in response to vibrations
for detecting one or more physiological parameters, a control
subsystem configured to activate the sensor to provide a sig-
nal through said fluid and to receive a signal generated by the
sensor in response to said vibrations, a data processing sub-
system responsive to the control subsystem for analyzing the
signals to make a diagnosis, and a transceiver in the housing
for transmitting diagnosis data.

[0015] The invention also features a method of determining
the health of a subject. One preferred method comprises
inserting a bolus into the subject. The bolus includes a trans-
ducer and a chamber admitting fluid therein from the subject.
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The transducer is actuated to provide a signal through the
fluid which is analyzed to measure the pH level and/or the
temperature of the fluid. Also, signals generated by the trans-
ducer in response to vibrations are analyzed to detect one or
more physiological parameters. The signals are analyzed to
make a diagnosis which can then be transmitted to a receiver,
such as a satellite or base station.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0016] Other objects, features and advantages will occur to
those skilled in the art from the following description of a
preferred embodiment and the accompanying drawings, in
which:

[0017] FIG. 1 is a highly schematic view showing an
example of a bolus in accordance with the invention;

[0018] FIG. 2 is a schematic cross sectional view of the
bolus shown in FIG. 1 showing the primary components
thereof;

[0019] FIG. 3is ablock diagram also depicting the primary
components associated with the bolus shown in FIGS. 1 and
2;

[0020] FIG. 4is agraph showing how various physiological
parameters can be monitored to provide an indication of a
subject’s health;

[0021] FIG. 5 is a block diagram showing how bolus data
can be processed in accordance with the subject invention;
[0022] FIG. 6 is a block diagram showing the primary com-
ponents associated with the data processing circuit shown in
FIG. 3 configured to diagnose a disease in accordance with
the invention and provide a unique identification;

[0023] FIG.7 isablock diagram showing the primary com-
ponents associated with a remotely located processing device
responsive to a number of bolus subsystems in accordance
with the invention;

[0024] FIG. 8 is ablock diagram showing the primary com-
ponents associated with a data processing circuit in accor-
dance with the invention configured to process signals gen-
erated by the transducer shown in FIG. 3;

[0025] FIG. 9 is a graph showing the frequency response of
the signal conditioning filter shown in FIG. 8;

[0026] FIG.10 is a graph showing the amplitude of a signal
filtered by the signal conditioning filter shown in FIGS. 8 and
9;
[0027] FIG. 11 is a graph showing the frequency spectrum
of a signal filtered by the signal conditioning filter shown in
FIG. 8,

[0028] FIG. 12 is a graph showing the amplitude of a digi-
tized signal output by the A/D converter shown in FIG. 8;
[0029] FIG. 13 is a graph showing the spectrum of a signal
digitized by the A/D converter shown in FIG. 8;

[0030] FIG. 14 is a graph showing an example of a signal
after filtering by the digital filter shown in FIG. 8;

[0031] FIG. 15 is a graph showing an example of the fre-
quency spectrum of a signal processed by the digital filter of
FIG. 8;

[0032] FIG. 16 is a graph showing the resultant simulated
acceleration for a walking cow;

[0033] FIG. 17 is a graph showing resultant simulated
acceleration for a cow suffering from mad cow disease;
[0034] FIGS. 18-19 are graphs showing the frequency
response of a walking cow simulation in accordance with the
invention;
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[0035] FIG. 20 is a graph showing how heart rate data can
be ascertained in accordance the invention;

[0036] FIGS. 21A-21B are signals showing how feeding
activity is ascertained in accordance with the invention; and
[0037] FIGS. 22A-22B axe signals showing how a bowel
movement can be ascertained in accordance with the inven-
tion;

[0038] FIGS. 23A-23B are signals showing how walking
behavior can be ascertained in accordance with the invention;
[0039] FIGS.24A-24B are graphs showing how signals can
be used to ascertain drinking behavior in accordance with the
invention;

[0040] FIGS.25A-25B are graphs showing how signals can
be used to analyze coughing behavior in accordance with the
invention; and

[0041] FIG. 26 is a graph showing the pH level of stomach
fluid over known feeding cycles.

DETAILED DESCRIPTION OF THE INVENTION

[0042] Aside from the preferred embodiment or embodi-
ments disclosed below, this invention is capable of other
embodiments and of being practiced or being carried out in
various ways. Thus, it is to be understood that the invention is
not limited in its application to the details of construction and
the arrangements of components set forth in the following
description or illustrated in the drawings. If only one embodi-
ment is described herein, the claims hereof are not to be
limited to that embodiment. Moreover, the claims hereof are
not to be read restrictively unless there is clear and convincing
evidence manifesting a certain exclusion, restriction, or dis-
claimer.

[0043] FIG. 1 shows an example of bolus 10 in accordance
with the invention typically placed inside a subject, e.g., the
reticulum of an animal, (e.g., a cow) to evaluate the health of
the animal. Bolus 10 typically includes an outer housing 12
including one or more ports 14 opening into chamber 16, FIG.
2 allowing body (e.g., stomach) fluid to enter chamber 16.
[0044] Transducer18 (e.g.,a polycrystalline, single crystal,
polymer, composite or piezoelectric element) within housing
12 is adjacent chamber 16 and transmits an acoustic signal as
shown at 20a when energized to travel through the fluid in
chamber 16 for measuring the pH level and/or temperature of
the fluid in chamber 16.

[0045] In a passive mode, vibrations caused by breathing,
motion, heartbeats, vocalizations, and the like are received as
generally shown at 205 at transducer 18 and cause it to gen-
erate a signal indicative of these physiological parameters.
[0046] Also, in one specific design, transducer 18, in an
active mode when energized, produces a signal 20c¢ through
medium 22 (e.g., a polymeric material) for measuring the
temperature of medium 22 which is the same as or close to the
temperature of the fluid in chamber 16 and the temperature of
the subject. Medium 22 in one version may be disposed on the
opposite side of the transducer 18 as well.

[0047] Optionally, transducer 18 also generates, in an
active mode, an acoustic signal as shown at 20d when trans-
ducer 18 is energized to measure other physiological param-
eters such as body fat content. Thus, in one preferred embodi-
ment, only one sensor is required to determine a number of
physiological parameters.

[0048] Bolus 10 also typically includes one or more one
quarter wave acoustic impedance matching layers 22a-d
designed to reduce interface reflections. High acoustic
impedance layers (>acoustic impedance of the fluid) 24a and



US 2011/0301437 Al

24b are also provided. Wall 12 can also be constructed of a
high acoustic impedance material such as a metal with a
protective (e.g., Teflon) outer coating.

[0049] In the example shown, bolus 10 also includes elec-
tronic section 30 including, for example, control circuitry
which generates a signal to activate transducer 18 in the active
mode (to, for example, provide signals 20a, 20¢, and 20d) and
which is responsive to and detects signals generated by trans-
ducer 18 in the passive mode. Such signals may include
vibration signal 2056 (indicative of movement, breathing,
heart rate, and the like), the reflection of signal 20a off layer
24a, and/or the reflection of signal 20c off layer 245, and/or
the reflection of signal 204 off body tissue.

[0050] Electronic section 30 may also include a data pro-
cessing subsystem responsive to the control circuitry for pro-
cessing data (such as comparing measured responses to a
stored template) derived from the various signals. Memory
may also be provided to store this data and condition and
disease templates as well as a unique identifier (e.g. serial
number). Receiver/transmitter/antenna section 32 is used to
transmit this data and/or the condition or disease identified,
and typically the unique identifier outside of the bolus typi-
cally using RF frequencies and can also function to receive
commands and data to modify the operation of the device.
[0051] Charging circuitry 34 includes a power source such
as a battery or capacitor to provide power to transceiver 32
and the electronic section 30. In one preferred embodiment,
the charging circuitry is responsive to voltages generated by
transducer 18 and these voltages are used to charge an energy
storage device such as a battery, capacitor or a hybrid system
of these or similar devices. Voltages are generated by trans-
ducer 18, for example, in the passive mode, in response to
vibrations (see signal 205). The result is a bolus with an
energy harvesting subsystem.

[0052] The temperature of the subject can be determined
several ways. In one example, acoustic signal 20a emanating
from transducer 18 through fluid 16 and reflecting off surface
24 returns to transducer 18 at different times and with differ-
ent amplitudes depending on the pH level and the temperature
of fluid 16. To determine the temperature of fluid 16 and thus
the subject, the pH level can be calculated from the change in
amplitude or assumed to be a certain value. The temperature
of the fluid can thus be calculated from the different times of
flight.

[0053] Alternatively, signal 20c¢ can be used. The time it
takes signal 20c to transverse known medium 22 sealed inside
the bolus, reflect off wall 245, and return to transducer 18 is
indicative of the temperature of medium 22 and thus the
subject.

[0054] The pH level of the fluid 16 inside the bolus can also
be determined using a variety of methods. In one example, the
temperature of the fluid 16 is determined via transducer signal
20c as described above. Then, the time it takes signal 20a to
transverse fluid chamber 16, reflect off wall 24a, and return to
transducer 18 is a function of the temperature and the pH level
ofthe fluid in chamber 16. Since the temperature has already
been determined, the pH level of the fluid can thus be ascer-
tained. In another example, the magnitude of the return signal
reflected off wall 24a can also be used to determine the pH
level of the fluid.

[0055] Typically, electronics section 30 performs these cal-
culations using a processor, for example. Once the pH level
and temperature are calculated, the data processing sub-
system determines the subject’s health condition and stores
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data indicating the same in a memory for transmission by
transceiver 32 to a satellite or base station.

[0056] FIG. 3 shows one example of electronic section 30.
Control circuit 50 provides a charge signal, a pulse signal, or
it receives a signal from sensor 18 as shown at 52, for
example, when transducer 18 is in a passive mode. A pulse
signal activates switch 54, is amplified by amplifier 56, and
activates transducer 18 in the active mode to emit an acoustic
signal (see signals 20a, 20¢, and 204, FIG. 2).

[0057] A signal detected by transducer 18, FIG. 3 in the
passive mode (for example, the reflection of signals 20a, 20c,
or 20d or a vibration signal as shown at 205) is amplified by
amplifier 56 and passes through switch 54 to control circuit
50. Control circuit 50 determines, for example, the time it
takes for signal 20a, FIG. 2, to traverse the fluid in chamber
16, reflect off wall 244, again traverse the fluid in chamber 16
and activate the transducer 18; the time it takes signal 20¢ to
traverse medium 22, reflect off wall 245, and return to trans-
ducer 18; the signal characteristics of signal 204 after reflec-
tion off body tissue, and the signal characteristics of signal
205 received by the transducer in the passive mode.

[0058] Control circuit 50 then determines the type of data
characterized by the signals as shown at 58. Data processing
circuit 60 then processes the signals to determine tempera-
ture, pH level, heart rate, respiration rate, motion, vocaliza-
tions, body fat content, digestive activity and the like. Data
processing circuit 60 also preferably determines, based on
these physiological parameters, one or more possible condi-
tions of the subject and stores data indicating the same in
memory 62. This diagnosis data is then transmitted. The data
processing circuit may also send the raw data for independent
analysis.

[0059] FIG. 4 depicts a simplistic example where subject’s
heart rate and pH level have all risen over a certain time
period. But the subject’s level of activity had decreased over
the same time interval. Data processing circuit 60, F1IG. 3 may
thus store, in memory 62, a diagnosis that the subject has a
certain medical condition.

[0060] Control circuit 50 then activates transceiver 32 to
transmit this diagnosis via antenna 64. Control circuit 50 may
be configured (e.g. programmed) to activate transceiver 32 to
send transmissions only if certain medical conditions are
diagnosed and even then only periodically. The receiver, such
as the base or satellite station 66 then receives this condition
or diagnosis information along with an identification of the
bolus. Personnel monitoring satellite/base station 66 can then
take the appropriate corrective action. The control circuit may
also be capable of receiving information, via a transceiver
allowing for updates to the templates and changes in the
operational parameters.

[0061] In one example, a bolus is inserted into a subject
already diagnosed with a certain disease. The subject’s physi-
ological data is monitored and stored. This process is then
repeated for different diseases. The resulting data is then
stored in the memory of each bolus. Then, for a given subject,
a disease can be detected by comparing the stored data with
the physiological data of that particular animal.

[0062] Also, when transducer 18 generates voltages
because of the subject’s motion, for example, control circuit
50 periodically routes this charge signal to charging circuit 34
for charging power cell (e.g., a battery) 68 which provides
power for the various components of the bolus.

[0063] Typically, a microprocessor, application specific
integrated circuit, controller, or the like is used to implement
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many of the functions of control circuit 50 and data process-
ing circuit 60. Data may be reported in a specified format, a
string of numbers corresponding to the subject’s unique seri-
alization, temperature, pH, and specific health condition or
other form. The data may be encoded by the sensor to protect
privacy and as required decoded at the receiving station to
allow for the user to interpret the results.

[0064] FIG. 5 shows how health data, with unique subject
identification from a bolus is transmitted to local retransmis-
sion station 70 and local server 72 where the data is stored as
shown at 74. The data may be viewed using user interface 76.
This data may be further transmitted via the interne, for
example, as shown at 78 to an end user’s database 80. Various
subscribers as shown at 824 and 826 may then view the
database 80 and/or download bolus data to different databases
as shown.

[0065] End users of the health data may include the U.S.
Department of Agriculture, universities, pharmaceutical
companies, and the like. Pay for subscription type services
enable various users to subscribe to an end user’s database 80.
[0066] The internal bolus system sensor that continuously
samples animal parameters such as temperature, pH, acoustic
and motion signatures and compares these samples to pre-
stored sampled templates of parameters associated with
known diseases can be used to distinguish clinical illness in
real-time.

[0067] The preferred bolus system data processing circuit
continuously samples acoustic, motion, pH and temperature
signatures of its host as shown in FIG. 6. The samples are
digitized and compared to pre-stored sampled templates
100a-d of known diseases. If a matched is realized, the com-
parator output is automatically classified and matched with a
disease or condition on file. The output is then summed into
diagnosis summer 102. The summer automatically creates a
three dimensional matrix for the parameters measured against
n pre-stored disease templates to enhance the accuracy and
early discrimination of clinical illness.

[0068] In addition to the individual diagnoses, discrimina-
tion of clinical illness is further enhanced when the entire
herd’s health is integrated and compared against known dis-
eases and how such diseases spread through the herd. This
integration is accomplished at a remotely located processing
device and is illustrated in FIG. 7. For example, the tempera-
ture data from the entire herd is reported to the processing
device. This measurement provides a baseline for comparison
of the target animal. The device compares the data from the
target animal to the median temperature of the herd. In normal
conditions, the body temperature of the animal will vary as a
function of the ambient temperature (i.e. on hot days the
animal’s core body temperature will be 1° to 2° higher than
normal). The processing device will look at the entire herd’s
temperature and determine whether the target animal is likely
running a fever. This process would be completed for each
animal in the herd. Additional, the pH of an animal’s digestive
fluid is a function of the feed. Comparing individual changes
to the herd will determine if a particular animal is behaving
abnormally as compared to the rest of the population. Finally,
while a particular behavior is often a sign of an illness, if the
entire herd is exhibiting this behavior, it may suggest that
there is a non-disease cause for this behavior. The ability to
determine which responses (e.g., temperature, pH, etc.) are
the result of illness and how many animals exhibit this, and
when the symptoms are visible, will allow for the tracking of
the spread of a disease, (e.g., over a period of five days), a
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specific number of animals develop a response that is differ-
ent from the rest of the population.

[0069] Methods for collecting information that can be used
to reduce operating costs have been identified by several feed
lot operators as an additional key product performance
requirement. Identifying changes in the density of the animal
(lean-to-fat ratio) can also be accomplished by analyzing a
received acoustic signal (see signal 204, FIG. 2).

[0070] Transducer 18, FIG. 2 passively measures the
acoustic signature of an animal and relays the response back
to a data processing circuit 60, FIG. 3. The acoustic signature
can be used to determine heart rate, respiratory behavior, and
other health characteristics attributed to specific acoustic
responses.

[0071] At predetermined intervals, transducer 18 is acti-
vated to determine time-of-flight information and/or reflec-
tion intensity. This data can be used to determine both tem-
perature and pH. By placing the piezoelectric crystal in
polymer baffle 22, FIG. 2, changes in the temperature of the
baftle materials will change the damping of the two transverse
modes (driven by changes in impedance originating from
variation in stiffness of the baffle and the speed of sound).
Moreover, by selecting a material that has a glass transition
temperature in the range of the expected temperature swings
of a health versus sick animal will maximize the information
available by enhancing this phenomenon.

[0072] One preferred device utilizes energy harvesting
techniques (such as energy from vibrations) to charge a stor-
age device (battery, capacitor, etc.) which powers both the RF
transceiver and pulses the transducer. Additionally, this
device could be powered by a beta voltaic or similar device or
acombination of both a battery and energy harvesting device.
Included in the design are a T/R switch and electronics to
store and transmit the relevant data as well as a means for a
unique identification (e.g., RFID tag, microchip, etc.).
[0073] The output of the internal sensor 18 is typically
represented as a function of time as x1(t). This signal is
conditioned for analog-to-digital (A/D) conversion by pass-
ing it through low pass filter 120, shown in FIG. 8 with
impulse response h, (t) to generate a filtered analog signal
X,(t), which is equal to the convolution (*) of x, (t) with h, (1),
and is mathematically expressed as:

%)=, by (), (D, (--0)dv M

[0074] Filter 120 is designed to pass all frequencies from 0
Hz to f, Hz, where f, is the highest frequency of interest (1,
can a primary frequency or a harmonic of that frequency),
which is less than or equal to half the sample rate, f;, of A/D
converter 122. Starting at the frequency {5, the filter h; has a
slope of at least 24 dB per octave, as illustrated in the design
frequency response for the filter of FIG. 9.

[0075] An example of the analog filtered signal, x,, is illus-
trated in FIG. 10, along with its spectrum as shown in FIG. 11.
This example signal was generated for a passband of interest
given by f,=7 kHz.

[0076] The analog filtered signal conditioner output is then
converted by converter 122, shown in FIG. 8 to a digitized
signal, x5, which can be expressed as:

x3(nD)=xo(t=nT), 1132 @

[0077] Note that T is defined as the A/D sampling interval,
and is equal to fo/2. The A/D output signal, x5, and associated
spectrum for the example case is illustrated in FIGS. 12 and
13.
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[0078] Thedigitized signal is then input to a low-pass Finite
Impulse Response (FIR) filter 124 which includes M filter
coefficients and is designed to pass only the frequencies of
interest for classification, from 0 Hz to . Hz. The digitally
filtered output signal, x,, is expressed as:

k=M (3)
x4(nT) = x3(nT) + hp(n) = Z x3([n—k + 11D (k)
k=1

[0079] where h,(k)=FIR filter coefficients, k=1,2, ... N
FIG. 14 illustrates the example low-pass filtered output digi-
tal signal, x,, where the example filter was designed to pass
classifier frequencies of interest from 0 Hz to f.=2 kHz.
[0080] The digitally filtered signal is then analyzed by
spectrum analyzer 126, by computing its Discrete Fourier
Transform (DFT). This can be accomplished by first collect-
ing a buffer of N sample points of the signal x,(nT) to define
the buffered input signal, x,,, to the DFT as follows:

Xy =X4(mI),m=0,12,... N (4)
[0081] Note that each new buffer of inputs to the DFT
contains a percentage of overlapped points from the previous
buffer, (e.g. ~25% of the data from the previous buffer). The

DFT is then computed to generate N spectral estimation coef-
ficients of the signal x,, as follows:

m

S )
X4(k) = DFT{x4(nT)} = x, e~ I
1

3
il

k=0,1,2, ... Nppr—1

[0082] Inpractice, a value of N, is used that is equal to a
power of 2, so that the DFT can be implemented by a Fast
Fourier Transform (FFT), which is much more computation-
ally efficient than performing the DFT operation of equation
(5). In addition, the value of N, .,-is greater than some lower
bound in order to obtain sufficient frequency resolution of the
signal. FIG. 15 shows the DFT spectrum of the example
signal, generated using a value of N=1024.

[0083] The output spectrum, X,(k) is then compared via
comparator 128 to a set of N pre-stored representative sound
spectrum templates (S,(k), i=1, 2, . . . N) to classify the bolus
sound as either normal or abnormal with an associated dis-
ease condition. This is done by correlating the magnitude
spectrum of X, with that of each of the templates to generate
a “sound classification measure”. The measure for the i”
stored template, Cg;, is the digital convolution of the moni-
tored sound spectrum sample with that of the i” stored tem-
plate, and is mathematically expressed as:

m=M (6)
Csilh) = | X4 (k)| |S; (k)| = CZ [Xam)llS;(k + 1 —m)l,

m=1

k=0,1,2, ... Nppr/2 -1

[0084] where c=normalization constant to insure that
0=C,k)=1
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[0085] The overall sound classification measure, Cg, is the
peak value of the individual measures as follows:

Cemmax{Cy;},i=1,23,...N @

[0086] This classification measure is compared to a mini-
mum threshold value, T, to generate the sound classification
decision, Dy, as follows:

Ds=Cs, CszTys ®)

=0, otherwise

[0087] The sound classification decision measure is pro-
cessed along with the classification decision measures from
the temperature and motion signals, D,and D, , respectively,
to generate the final report of a normal or disease condition.
[0088] Speedofsound and density are influenced by the pH
of a solution and its temperature. Additionally, the resonant
frequency of a piezoelectric transducer is also a function of
temperature. Using an active device to measure the speed of
sound, characterize the amplitude of the receive signal and the
frequency response of the transducer will allow us to simul-
taneously measure temperature and pH.

[0089] The relationship between speed of sound, density,
and concentration (pH or salinity) of a fluid is discussed
below.

[0090] A hydrophone can act as an accelerometer when
allowed to move freely as in our application. For classifying
illness or disease through abnormal motion, the transducer
output is digitized, filtered and analyzed for its frequency
content. The spectrum analyzer output is compared to pre-
stored motion templates, until a match is found. The com-
parator output is automatically classified to detect normal and
abnormal motions and matched with a condition on file.
When a condition is determined, the output is summed into a
diagnosis summary.

[0091] All data output by the transducer is in the time
domain, and this needs to be processed from the time domain
to the frequency domain. This is done by finding the Discrete
Fourier Transform (DFT) by using a Fast Fourier Transform
(FFT) as described in the sound sensor portion of this docu-
ment in equations (4) and (5).

[0092] An example of data that may be collected from a
healthy cow as it walks is shown in FIG. 16. The analysis
below is representative of what would be done with the hydro-
phone data. Another simulation was also performed to collect
data that may be seen from a cow that has mad cow disease,
shown in FIG. 17.

[0093] After completing a DFT on the signal resulting from
an acceleration, the data is now in a frequency-magnitude
form that allows for a comparison of the two sets of data.
These new plots are shown in FIGS. 18-19. Using this data,
the energies at specific frequencies can be compared against
a database file of known illnesses and their frequency spec-
trums to determine a classification using the same process as
in the sound sensor with equations (6) through (8). This will
allow for proper healthy/diseased conclusions to be reached
and the appropriate alerts can be sent out.

[0094] Data were collected after a transducer was inserted,
at separate times, into a cow’s rumen, via fistula. The signal
from the transducer was recorded in .wav format using a
portable digital recorder (in this case, a M-Audio Microtrak
1I). Specifications for the transducers is presented in Table 1:
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TABLE 1

Experimental hardware specifications

SQ26-08

Frequency Range 0.030 to 30

(+3 dB) [kHz]

Sensitivity [dB, re -194

1 V/pPa]

Preamplifier Gain [dB] 25

RMS Overload 154

Acoustic Pressure

[dB, re 1 pPa]

Maximum Operating 100

Depth [m]

Operating Temperature -25to 60

Range [° C.]

Dimensions [mm] 70 L x 32 dia.

Directionality omunidirectional below 10 kHz
[0095] The cow was monitored for an extended period of

time while feeding, walking, and other typical cow activities
using the hydrophone. In addition to recorded data veterinar-
ians determined heart rate and respiration using a stetho-
scope.

[0096] The .wav files were analyzed in the time and fre-
quency domains at various time indices for known events.
The estimated heart rate for the animal was one beat per
second. Three seconds of data, captured with the SQ26-08
transducer is presented in FIG. 20. This data can be subtracted
from the recorded data to eliminate the impact of the heart rate
to analyze other events occurring during the same period.

[0097] FIGS. 21-25 show the results of analyzing the fre-
quency response (via Fast Fourier Transform) during known
activities and comparing them with resting data.

[0098] The following discussion addresses how tempera-
ture and pH can be decoupled from the time-of-flight data
obtained from fluid chamber 16, shown in FIG. 2. The equa-
tion for time-of-flight consists of one equation and two
unknowns—temperature and concentration (i.e. pH). Addi-
tionally, one of two methods of measurement will provide an
independent measurement of either temperature or pH: 1)
using lateral vibration modes to determine temperature only,
and 2) using absorption to determine pH. Consequently, uti-
lizing either of these methods in combination of the time-of-
flight equation will provide a unique solution to the system of
equations.

[0099] An acoustic point source radiating into a homog-
enous fluid at low frequencies is understood to be an ommi-
directional source, i.e., its radiation pattern is symmetric as a
function of angular location and the acoustic pressure at a
fixed distance from the source in any direction is equal to any
point located the same distance from the source but at a
different angular position. If this source and fluid were to be
surrounded by a surface whose acoustic impedance was sub-
stantially higher as compared to the fluid into which the
source was radiating, then the radiated signal would be
reflected upon normal impingement with the high impedance
surface directly back to the source. If this surface was of
uniform dimensions and the source was located concentri-
cally in the surface i.e., all points of the reflecting surface are
located equidistant from the source, the reflections in all
directions would return to the source at the same time. The
time-of-flight of the reflected wave would only be a function
of the speed of sound in the material.
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[0100] Ifthe properties of the fluid were not homogeneous,
as a function of angle, then the time-of-flight of the reflected
wave, would be different. For example, if fluid 1 (V) was
substantially slower than that of fluid 2 (V) the time for the
reflected wave to return to the source would be longer for fluid
1, (i.e, T >T,).

[0101] The modulus of amorphous polymeric materials is
known to vary as a function of temperature, among other
things. Furthermore, this variation becomes increasingly sig-
nificant in the vicinity of the glass-rubber transition region.
[0102] It has been widely reported that the modulus of a
material is related to the speed of sound in the material. This
has been demonstrated for metals, ceramics, and polymers.
Consequently, factors that influence the modulus in a material
can be expected to change the speed of sound in a material.
Due to the temperature dependent nature of the modulus in
polymeric materials, it is expected that the speed of sound
will change as a function of temperature. If the operational
temperature range is in the glass-rubber transition region, it is
anticipated that small changes in temperature will result in
large changes in the speed of sound.

[0103] The primary factors that influence modulus, assum-
ing no chemical or physical decomposition, are temperature,
pressure, and frequency. We do not expect pH (or other
chemical changes, (such as UV degradation, etc.) to have
short term effects on the modulus of the materials used in this
sensor over the course of its operational life.

[0104] The temperature dependent response of the poly-
meric baffle material 22, FIG. 2 can be used to measure the
temperature of the sensor.

[0105] The size of the resonator can be selected such that
the difference in the time-of-flight of the wave emitted from a
lateral deformation of the resonator can be resolved. Thus,
variation in the speed of sound in the materials will be solely
a function of changes in their modulus as a function of tem-
perature. The baffle material can be selected such that it
maximizes changes due to temperature.

[0106] There exist examples of methods to suppress these
modes to improve transducer response, suggesting that these
modes are strongly coupled to the performance of the device
(see U.S. Pat. No. 5,948,993 incorporated herein by this ref-
erence which shows the various modes of operation of a
simple piezoelectric disk). In standard industry nomencla-
ture, the first ordinal indicates the poling direction and the
second indicates the direction of deflection. For example, a
device having the designation “33” indicates that the material
is poled in the 3 direction and the deflection occurs in the 3
direction. In the case of a “31” device, the poling direction is
in the 3 direction; however the deflection is in the 1 direction.
[0107] The proposed transducer would utilize both the 33
and 31 modes of operation. The 33 mode would be used to
generate a pressure wave in the fluid chamber, while the 31
mode would be used to generate the effect discussed in above.
Note that while the preferred embodiment is a polycrystalline
material, piezoelectric composites exhibit a similar response,
albeit for different reasons. The 15 mode (shear mode) may
also be used depending on the construction of the device, and
in particular the selection of the % wave matching layers
(typically two are used to form a graded material).

[0108] In the parlance of hydrophone design, suppression
of the lateral modes results in an improvement in the “ring
down” of the hydrophone. The amount of ringing determines
the fidelity of the transducer with respect to resolving objects
near to the face of the transducer. Typically, the ringing is
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“gated out” at a fixed time and the information is not used
(i.e., investigators are looking for objects in front of the trans-
ducer and not the transducer itself). Changes in the ringing, as
a result of the transducer design, can be correlated to changes
in the temperature of the transducer. These changes should
manifest themselves in a shift in the time domain due to
changes in the speed of sound, as discussed, although it is
likely that the magnitude of the ringing signal will also pro-
vide information on its temperature (i.e., temperature depen-
dent absorption).

[0109] Consequently, temperature only data can be
obtained in the proposed manner and this information can be
used to resolve pH data from the time-of-flight and absorption
measurements derived from the fluid chamber (from the two
equations and two unknowns discussed above).

[0110] A study of sound absorption in the ocean demon-
strated the correlation between changes in pH of seawater to
changes in the sound absorption. Absorption of sound in
fluids is a function of scattering and molecular relaxation.
Phenomena that would change the density of a fluid, without
contributing to the relaxations or scattering, are unlikely to
impact absorption. In a homogenous fluid, with no particu-
lates the absorption of sound is based solely on molecular
relaxations. Consequently, polar materials, such as those that
would increase the pH of a fluid will absorb sound through
ionic relaxations by a mechanism in which soluble materials
would promote the disassociation ions and thus an increase in
pH and concomitant sound absorption.

[0111] Clearly, based on the phenomena stated above, in
the fluid chamber the amplitude of the received signal and the
time it takes to travel back to the transducer (furnishing two
equations) will be a function of both pH and temperature (the
two unknowns desired). Therefore, it is possible to determine
both pH and temperature simultaneously.

[0112] The pH of a cow’s digestion system is a function of
the nature food it consumes and the microorganisms located
in the system. Changes in the nature of the food result in a
redistribution of the concentration of the microorganisms and
thus a change in the pH of the digestion fluid. Specifically,
certain types of microorganisms, which digest certain types
of food, require different pH levels to function.

[0113] Due to the nature of beef production, animals sent to
feed lots undergo a rapid change in the type of food they
consume. Dairy cows for a variety of reasons may also
undergo changes in food, typically related to the change in
seasons and availability/quality of food. Based on the physi-
ology of the specific animal, this may have no impact or result
in either subacute or acute acidosis. Subacute acidosis tends
to result in lower weight gain or reduced milk production,
both of which impact the economics of the industry.

[0114] Acute acidosis can result in shock and/or death of
the animal. There are no outward signs on illness, until the
animal is found dead. If the animal does not perish, there are
long term effects on the animal’s health that result in loss of
productivity (such as weight gain or milk production).
[0115] FIG. 26 indicates that the pH of a cow’s stomach
varies significantly as a function of feeding times. The data
suggests that over the course of a day, depending on the
feeding cycle, the pH of a cow’s stomach returns to a nominal
value at various points in the day after the completion of the
digestion cycle.

[0116] Research has shown that most factors that influence
the pH are linked to dietary intake. Consequently while the
instantaneous pH may change due to these factors, the pH
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eventually returns to a baseline value. This indicates that
measuring the pH over time will give a profile of the animal’s
digestive health, independent of the factors that may or may
not influence stomach fluid density, independent of stomach
pH.

[0117] The frequency of measurement can be directly
linked to data from passive measurements on the frequency of
feeding of the animal. For example, if the animal is on a 12
hour feeding cycle (as measured by the acoustic signature for
feeding), the pH measurement could be measured approxi-
mately 8 hours after the feeding cycle every hour until the
next feeding cycle. This data could be compared to the pH of
the next measurement cycle.

[0118] The preferred device shown in FIG. 2 includes a
polycrystalline piezoelectric element, a plurality of 4 wave
matching layers, a high acoustic impedance housing material
(relative to the fluid being measured), an energy storage
device that can be recharged by the piezoelectric element,
control circuitry that regulates charging, pulse actuation, data
collection periods, and the like, and a transmission device to
send the data to a remote location for analysis.

[0119] The device will send a voltage signal, in the time
domain, to a remote location for analysis. The analysis will
consist of a time domain response characterization to deter-
mine pH and temperature, based on one or both of the meth-
ods discussed above. A frequency domain analysis will be
conducted to determine motion, physiological responses,
such as walking, drinking, respiration, etc. Both the time and
frequency domain signals will be correlated to acceleration
etfects of the transducer.

[0120] The sensitivity of transducers may be impacted by
acceleration effects and multiple methods have been devel-
oped to eliminate these effects. Large spikes in the “noise”
due to acceleration can be used as a means to determine if the
animal has moved and the intensity of the movement. This
information, used alone or when combined with spectral
responses will be correlated to motion of the animal (note that
the spectral response could also be used alone to measure
motion).

[0121] Based on the above discussion, the parameters such
as pH, temperature, digestive cycle, motion, respiration, heart
rate, belching, etc., can be used in the diagnosis of specific
related diseases.

[0122] Although specific features of the invention are
shown in some drawings and not in others, this is for conve-
nience only as each feature may be combined with any or all
of the other features in accordance with the invention. The
words “including”, “comprising”, “having”, and “with” as
used herein are to be interpreted broadly and comprehen-
sively and are not limited to any physical interconnection.
Moreover, any embodiments disclosed in the subject appli-
cation are not to be taken as the only possible embodiments.
[0123] In addition, any amendment presented during the
prosecution of the patent application for this patent is not a
disclaimer of any claim element presented in the application
as filed: those skilled in the art cannot reasonably be expected
to draft a claim that would literally encompass all possible
equivalents, many equivalents will be unforeseeable at the
time of the amendment and are beyond a fair interpretation of
what is to be surrendered (if anything), the rationale under-
lying the amendment may bear no more than a tangential
relation to many equivalents, and/or there are many other
reasons the applicant cannot be expected to describe certain
insubstantial substitutes for any claim element amended.
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[0124] Other embodiments will occur to those skilled in the
art and are within the following claims.

What is claimed is:

1. A bolus for insertion in a body fluid, the bolus compris-
ing:

a housing;

a chamber in the housing admitting body fluid therein; and

a transducer in the housing providing a signal through the

body fluid for measuring the pH level and/or tempera-
ture of the body fluid, the transducer generating a signal
in response to vibrations for detecting one or more
physiological parameters.

2. Thebolus of claim 1 further including one or more layers
between the transducer and the chamber for reducing inter-
face reflections.

3. The bolus of claim 1 in which the chamber includes a
high acoustic impedance material spaced from the transducer.

4. The bolus of claim 1 further including a medium adja-
cent the transducer for measuring temperature.

5. The bolus of claim 1 in which the housing further
includes a control subsystem configured to activate the trans-
ducer to provide said signal through said body fluid and to
receive a signal generated by the transducer in response to
said vibrations.

6. The bolus of claim 5 further including a power source or
energy storage device in the housing for the control sub-
system.

7. The bolus of claim 6 further including a charging circuit
in the housing for charging the power source or energy stor-
age device.

8. The bolus of claim 7 in which the charging circuit is
responsive to a voltage generated by the transducer in
response to vibrations received by the transducer, the charg-
ing circuit supplying said voltage to the power source or
energy storage device.

9. The bolus of claim 5 further including a data processing
subsystem responsive to the control subsystem for analyzing
signals to make a diagnosis.

10. The bolus of claim 1 further including a transmitter in
the housing for transmitting the diagnosis data.

11. The bolus of claim 9 further including a memory for
storing diagnosis data and subject unique identification infor-
mation.
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12. A bolus for insertion in a fluid, the bolus comprising:

a chamber admitting fluid therein;

a sensor providing a signal through the fluid for measuring
the pH level and/or temperature of the fluid, the sensor
generating a signal in response to vibrations for detect-
ing one or more physiological parameters;

a control subsystem configured to activate the sensor to
provide a signal through said fluid and to receive a signal
generated by the sensor in response to said vibrations;

a data processing subsystem responsive to the control sub-
system for analyzing the signals to make a diagnosis;
and

a transmitter in the housing for transmitting diagnosis data.

13. The bolus of claim 12 further including one or more
layers between the sensor and the chamber for reducing inter-
face reflections.

14. The bolus of claim 12 in which the chamber includes a
high impedance material spaced from the sensor.

15. The bolus of claim 12 further including a medium
adjacent the sensor for measuring temperature.

16. The bolus of claim 12 further including a power source.

17. The bolus of claim 16 further including a charging
circuit for charging the power source.

18. The bolus of claim 17 in which the charging circuit is
responsive to a voltage generated by the sensor, the charging
circuit supplying said voltage to the power source or energy
storage device.

19. The bolus of claim 12 further including a memory for
storing diagnosis data and unique subject identification infor-
mation.

20. A method of determining the health of a subject, the
method comprising:

inserting a bolus into the subject, the bolus including a
transducer and a chamber admitting fluid therein from
the subject;

actuating the transducer to provide a signal through the
fluid;

analyzing the signal to measure the pH level and/or the
temperature of the fluid; and

analyzing signals generated by the transducer in response
to vibrations to detect one or more physiological param-
eters.

21. The method of claim 20 further including analyzing the

signals and making a diagnosis.

22. The method of claim 21 further including transmitting
diagnosis data.
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