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7) ABSTRACT

The invention in at least one embodiment includes a method
for determining the core body temperature of a person by
setting an initial core body temperature with a processor;
receiving a heart rate of the person with the processor;
calculating a predicted core body temperature with the
processor using an extended Kalman filter based on the heart
rate and the initial core body temperature; and providing the
predicted core body temperature. In another embodiment, a
system for performing the method.
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ESTIMATION OF HUMAN CORE
TEMPERATURE BASED ON HEART RATE
SYSTEM AND METHOD

[0001] This patent application is a continuation of U.S.
patent application Ser. No. 14/107,920, filed Dec. 16, 2013,
that claims the benefit of U.S. provisional patent application
No. 61/739,765 filed on Dec. 20, 2012, which both are
hereby incorporated by reference.

I. FIELD OF THE INVENTION

[0002] The invention in at least one embodiment relates to
using a person’s heart rate to estimate the core body tem-
perature for the person.

II. BACKGROUND OF THE INVENTION

[0003] Continuous ambulatory measurement of core body
temperature (CT) can be a critical component of human heat
strain assessment during strenuous work (Moran et al 1998;
Frank et al 2001). However, while personal physiological
monitoring technology has developed to the point where
multi-parameter sensor systems can be used to collect data
in a variety of settings over extended periods of time, the
requisite measurement of core body temperature still
remains a challenge.

[0004] Medical grade core body temperature measurement
using pulmonary arterial blood temperature is only appro-
priate in a clinical setting. The traditionally accepted labo-
ratory rectal and esophageal probe methods are impractical
for ambulatory settings. Other non-invasive methods of
estimating core body temperature using external measure-
ments such as axillary or tympanic temperatures have
proven unreliable (Lim, Byme and Lee 2008). Ingestible
thermometer pills (e.g., Jonah Pill thermometer, Respiron-
ics, Bend, Oreg.) have been used successfully in field
settings (e.g. Lee et al 2010), and have been within accept-
able limits of agreement (+0.4° C.) and bias (<0.1° C.) when
compared to esophageal temperatures (Byrne and Lim
2007). However, these thermometer pills have drawbacks:
(1) they cannot be used by all people due to medical
contraindications, and (2) they can suffer from inaccuracy
when hot or cold fluids are consumed (Wilkinson et al 2008).
The difficulty in directly measuring core body temperature
in ambulatory settings has led to the search for a practical
alternative technique.

[0005] One non-invasive approach that has received atten-
tion is the zero heat-flux (ZHF) method (Fox et al 1973)
where an insulated area of the skin is heated until there is no
heat flow. The temperature of the skin is then assumed to be
equivalent to deep body temperature. Most of the work on
this approach has been in laboratory and clinical settings
(Yamakage, Iwasaki and Namiki 2002) with recent work
focusing on improving measurement of dynamic tempera-
ture changes (Steck, Sparrow and Abraham 2011); decreas-
ing the technique’s response time (Teunissen et al 2011); and
adapting the ZHF method for use in ambulatory environ-
ments (Gunga et al 2008, 2009). In clinical settings these
devices have demonstrated good agreement with esophageal
measures, while custom sensors developed for ambulatory
environments have had varying degrees of success depend-
ing on environmental conditions.

[0006] Other researchers have used thermoregulatory heat
transfer models to estimate core body temperature (Kraning
and Gonzalez 1997, Fiala et al 2001; Havenith 2001). These
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models use an array of input variables that include metabolic
rate, environmental parameters, individual characteristics,
and clothing parameters (insulation and vapor permeability).
In an ambulatory field setting these models suffer from the
fact that not all inputs are available all of the time, and
measuring or estimating metabolic rate is difficult. Recent
work has focused on combining thermoregulatory heat
transfer models with metabolic rate estimators that use heart
rate with ambient temperature modifiers to account for skin
blood flow (Yokota et al 2008). This real-time model pro-
vided accurate group-mean core body temperature estimates
in a number of different environmental and clothing condi-
tions (Degroot et al 2008). While this method shows promise
it still requires many input parameters that must be measured
independently from an individual such as environmental
conditions and clothing characteristics.

1II. SUMMARY OF THE INVENTION

[0007] Concentrating on estimating core body temperature
in warm to hot conditions during exercise, a method to use
time series observations of heart rate to track core body
temperature over time was developed. The method relies on
an extended Kalman filter. Here an item or variable of
interest must be tracked from a series of “noisy” observa-
tions, and knowledge of the temporal dynamics. The
extended Kalman filter requires two models defined by
linear Gaussian probability density functions. One model
relates how the variable to be tracked changes over time,
while the other model relates current observations to the
variable of interest. It was hypothesized that heart rate could
be used as a “noisy” observation of core body temperature.
Thus, by understanding how core body temperature changes
over time and the most likely core body temperature for a
given heart rate, an extended Kalman filter model to estimate
a series of core body temperature values could be learned.
Heart rate is a convenient observation of the expected core
body temperature at steady state or a leading indicator of
core body temperature as it contains information about both
heat production (through the Fick (1855) equation and VO,)
and heat transfer since heart rate is related to skin profusion.
[0008] Core body temperature can be estimated by an
extended Kalman filter model in at least one embodiment
using a single parameter, heart rate, to within similar bias
and limits of agreement seen when comparing rectal and
esophageal measurements of core temperature. The model
was validated against a series of laboratory and field studies
with 83 volunteers and 150 experimental runs across a range
of environmental temperatures from 18.0° C. to 45° C. and
work rates. The model is demonstrated to perform similarly
in different environments, in the presence of dehydration,
with limited or complete clothing occlusion, and whether
volunteers are heat acclimated or not. While this technique
is not a replacement for direct core temperature measure-
ment, it offers an approach for estimating individual core
temperature and is accurate and practical enough to provide
a means of real-time heat illness risk assessment.

[0009] The invention in at least one embodiment includes
a method for determining the core body temperature of a
person where the method includes setting an initial core
body temperature with a processor; receiving a heart rate of
the person with the processor; calculating a predicted core
body temperature with the processor using an extended
Kalman filter based on the heart rate and the initial core body
temperature; and providing the predicted core body tem-
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perature. In a further embodiment, the method further
includes receiving another heart rate of the person with the
processor; calculating a new predicted core body tempera-
ture using the extended Kalman filter based on the another
heart rate and the last predicted core body temperature; and
repeating the receiving another heart rate and calculating a
new predicted core body temperature at predetermined inter-
vals. In a further embodiment, the method further includes
when the new predicted core body temperature exceeds a
predetermined threshold, sending an alarm signal prior to
proceeding to repeating, wherein in a further method the
alarm signal triggers an alarm; and when the new predicted
core body temperature does not exceed a predetermined
threshold, proceeding to repeating. In a further embodiment
to any of the above embodiments, the method further
includes obtaining the predetermined interval. In a further
embodiment to any of the above embodiments, providing
the predicted core body temperature includes displaying the
predicted core body temperature and/or transmitting the
predicted core body temperature with a transmitter to an
external device.

[0010] In a further embodiment to any of the above
embodiments, calculating a predicted core body temperature
includes calculating a preliminary core body temperature;
calculating a preliminary estimate of the variance of a core
body temperature estimate; calculating an extended Kalman
filter mapping function variance coeflicient; calculating a
Kalman gain weighting factor based on the preliminary
estimate of variance and the extended Kalman filter variance
coeflicient; and calculating the predicted core body tempera-
ture using a preliminary time-update estimate, an error
between the new heart rate and an expected heart rate given
the preliminary estimate of the core body temperature. In a
further embodiment, calculating a predicted core body tem-
perature further includes determining a variance of the
predicted core body temperature.

[0011] In a further embodiment to any of the above
embodiments, the method further includes adjusting the
extended Kalman filter based on at least one of a fitness
level, an age, a maximum heart rate and a resting heart rate
of the person.

[0012] In a further embodiment to any of the above
embodiments, the invention includes a system for perform-
ing the method.

[0013] The invention according to at least one embodi-
ment, the system including a heart rate data source; and a
processor in communication with said heart rate data source,
said processor capable of calculating a core body tempera-
ture based on constants and having as the only inputs heart
rate information and prior core body temperature data. In a
further embodiment, the system further includes a display in
communication with said processor. In a further embodi-
ment to any of the above system embodiments, the system
further includes a transmitter for communication with an
external system, said transmitter in communication with said
processor. In a further embodiment to any of the above
system embodiments, the system further includes a tempera-
ture sensor in communication with said processor.

[0014] Ina further embodiment to any of the above system
embodiments, the processor includes an initial core body
temperature module for setting an initial core body tempera-
ture, a heart rate module for obtaining heart rate information,
and a core body temperature calculator in communication
with said initial core body temperature module and said
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heart rate module. In a further embodiment to the prior
embodiment, the processor further includes a timer module
in communication with said heart rate module and said core
body temperature calculator. In a further embodiment to the
prior embodiment, the processor further includes an alarm
module in communication with said core body temperature
calculator.

[0015] Ina further embodiment to any of the above system
embodiments, the system further includes a display in com-
munication with said core body temperature calculator; a
transmitter in communication with said core body tempera-
ture calculator; and a temperature sensor in communication
with at least one of said timer module and said alarm
module. In an alternative embodiment, at least one of the
display, the transmitter, and the temperature sensor is omit-
ted.

[0016] The invention according to at least one embodi-
ment, the system including a heart rate data source; and a
processor in communication with said heart rate data source,
said processor having program code embodied therewith,
the program code executable by the processor to set an initial
core body temperature; receive a heart rate of the person;
calculate a predicted core body temperature using an
extended Kalman filter having as inputs the heart rate and
the initial core body temperature; and provide the predicted
core body temperature. In a further embodiment, the system
further includes at least one of a display in communication
with said core body temperature calculator; and a transmitter
in communication with said core body temperature calcu-
lator. In a further embodiment to either of the previous two
embodiments, the initial core body temperature is set based
on the initial heart rate of the person.

IV. BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1illustrates a method according to at least one
embodiment of the invention.

[0018] FIG. 2illustrates a method according to at least one
embodiment of the invention.

[0019] FIGS. 3A-3FE illustrate respective systems accord-
ing to at least one embodiment of the invention.

[0020] FIGS.4A1 and 4B1 illustrate panels showing mean
observed (obs.) and estimated (est.) Tcore responses and
FIGS. 4A2 and 4B2 illustrate panels for Bland Altman charts
for the validation Elite distance runner data for a five mile
run completed at <6 minute/mile pace. FIGS. 4A1 and 4A2
show the Kalman filter model output using the original Tcore
variance y=0.024. FIGS. 4B1 and 4B2 show the Kalman
filter response using the variance learned from the Elite
runner development data y=0.043. Error bars represent +1
standard deviation (SD). The Bland Altman charts in FIGS.
4A2 and 4B2 show arithmetic mean (solid horizontal line),
+2 SD (dashed horizontal lines), and +5° C. zone (gray box).
[0021] FIG. 5A shows the time update model represented
as a discrete probability distribution found from the devel-
opment data.

[0022] FIG. 5B shows the observation model as a scatter
plot of development data points showing mean heart rate
(HR) by core body temperature (CT)+SD the optimal CT-
HR line segment points (Line Segment) and the CT to HR
mapping function (Fit).

[0023] FIG. 6A shows a scatter plot of observed (Obs.)
core body temperature (CT) versus estimated (Est.) core
body temperature for the development data, showing the line
of identity (solid) and least squares regression line (dashed).
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[0024] FIG. 6B shows a Bland Altman plot showing bias
(solid) and £1.96 SD (dashed) for the development data.
[0025] FIG. 6C shows a normalized histogram of model
error for all training data.

[0026] FIG.7A shows a scatter plot of estimated core body
temperature by observed core body temperature, the line of
identity and a least squares linear regression fit to the
validation data.

[0027] FIG. 7B shows a Bland Altman Plot of mean of
observed and estimated core body temperature versus esti-
mated—observed core body temperature of the validation
data.

[0028] FIG. 7C shows a normalized histogram of the
model error for all the validation data.

[0029] FIGS. 8A1-8A18 show Bland Altman plots show-
ing bias (solid) and +£1.96 SD (dashed) for the various
studies discussed in this disclosure. The parentheticals pres-
ent in these figures correspond to the studies discussed
herein.

[0030] FIGS. 8B1-8B18 show the mean observed core
body temperature (solid—black) and mean estimated core
body temperature (dashed—gray) with 1 SD for the vari-
ous studies discussed in this disclosure. The means for
studies G (FIG. 8615) and H (FIG. 8616) are not shown as
they are a combination of several activities over the study
period. *=end points significantly different p<0.05. The
parentheticals present in these figures correspond to the
studies discussed herein.

[0031] FIG. 9 illustrates a computer program product and
computer implementation according to an embodiment of
the invention.

V. DETAILED DESCRIPTION OF THE
DRAWINGS

[0032] In at least one embodiment, a system and/or
method is provided to estimate a person’s core body tem-
perature using the person’s current heart rate. In a further
embodiment, the previous core body temperature is also
used. In at least one embodiment the relationship between
core body temperature and heart rate is a quadratic relation-
ship that varies over a range of heart rate measurements,
where in at least one embodiment the heart rate measure-
ment range is between 50 and 180 and in a further embodi-
ment, the maximum heart rate is set to 220 minus the
person’s age with a corresponding scaling of the quadratic
relationship. The quadratic relationship provides a more
accurate estimate of the core body temperature at higher
heart rates than previously estimated using prior linear curve
fits. In a further embodiment, the system and method use an
extended Kalman filter model to determine the core body
temperature.

[0033] FIG. 1 illustrates a high level method embodiment
as a flowchart of operation of at least one system embodi-
ment. Setting (or receiving) an initial core body temperature
for a person, 105. Examples of how the initial core body
temperature can be set include 1) a predetermined resting
core body temperature for that person; individuals with
similar physical characteristics of the person such as height,
weight, and age; and a preset value, 2) based on an initial
heart rate reading for the person, and 3) combination of the
two. Examples of sources of the heart rate include a heart
rate monitor attached to the person, a processor receiving
EKG signals from electrodes attached to the person, a
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processor receiving a photoplethysmogram signal (e.g., a
pulse oximeter), or a processor receiving a ballistic-cardio-
gram signal.

[0034] Receiving a new heart rate for the person, 110. In
at least one embodiment, the new heart rate is obtained from
the same source from which the initial heart rate is obtained.
[0035] Calculating a predicted core body temperature for
the person based on the most recent heart rate and the
previous core body temperature for the person, 113.
[0036] Providing the predicted core body temperature,
120. In at least one embodiment, examples of providing
include, but are not limited to, transmitting (or outputting) to
an external device, displaying on a display, recording in
memory, inputs to a health assessment algorithm. Examples
of an external device include, but are not limited to, a
processing hub on the person, a smartphone, a computer, and
a computer network.

[0037] Repeating the receiving (110), calculating (115)
and providing (120) steps on a predetermined schedule.
Examples of a predetermined schedule include 1 minute
intervals, 2 minute intervals, 5 minute intervals, and 10
minute intervals, and in a further embodiment, the intervals
are any interval between 30 seconds and 10 minutes. In a
further embodiment, the method further includes setting (or
selecting) the predetermined interval prior to calculating the
predicted core body temperature for the first time. In at least
one further embodiment, a timer is used to delay the repeat
cycle after providing the predicted core body temperature.
[0038] In a further embodiment, the predicted core body
temperature is calculated in a mutli-step process using an
extended Kalman filter model based on experimental data.
[0039] In a further embodiment to the above embodi-
ments, the predicted core body temperature is calculated
using the method illustrated in FIG. 2. Calculating a core
body temperature preliminary estimate (CT,) based upon the
previous core body temperature estimate (CT,_;) and the
time-update mapping function (a, and a,), 205. An example
equation is as follows:

CT=a,CT, \+aq &)

Where CT=core temperature, subscript t=time point,
a,=time update model coeflicient, and a,=time update model
intercept. Calculating a preliminary estimate of the variance
of the core body temperature estimate (¥,) based upon the
previous core body temperature variance (v,_,) the time-
update mapping function (a,) and variance (y*), 210. An
example equation is as follows:

a4, 2 o2
Vemar Vet (3]

Calculating the extended Kalman filter mapping function
variance coeflicient, 215. An example equation is as follows:

e 2b,CT b, (3)

Where b2 =observation model quadratic coeflicient,
b,=observation model coefficient, and b,=observation
model intercept. Calculating the Kalman gain (k,) weighting
factor based on the preliminary estimate of variance and
using the extended Kalman filter variance coefficient, 220.
An example equation is as follows:

i = e, “4)

e +0?
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[0040] Calculating the final estimate of CT, using the
preliminary time-update estimate, the error between the
heart rate (HR,) observation and the expected heart rate
given the preliminary estimate of CT, 225. An example
equation is as follows:

CT=CTAk(HR~(by CT2+b -C4b)) ©)

Determining the variance of the final core body temperature
estimate (v,). An example equation is as follows:

Vz:':l—klcz)f’, (6)

[0041] In a further embodiment, the previous embodiment
is reduced by consolidating equations 1-4 into equations 5
and 6 to provide a calculating step. Based on this disclosure,
it should be understood that the level of consolidation can be
any point between the last two embodiments.

[0042] The following example of equations 1-6 are based
on experimental data, which will be discussed in more detail
later in this disclosure, and the use of a time period of one
minute. Equation 1 simplifies as follows:

CT=a,-CT, 1 +a=1-CT,_+0
Cr=cT,, ®

Equation 2 simplifies by setting the time-update mapping
function (a,) to 1 and the variance (or Gamma) (y°) to
0.022%. Equations 2 simplifies as follows:

,=a 2 v, #P=1v,_+0.022?
9,7, +0.000484 )

Equation 3 simplifies by setting b,=-7887.1, b,=384.4286,
and b,=-4.5714. Equation 3 becomes:

20, CT b =2-4.5714-CT 43844286
c~-9.1428-CT;+384.4286 3)

Equation 4 simplifies by setting a to 18.88, which is repre-
sentative of the mean standard deviation for the binned heart
rate from the experimental data. Equation 4 becomes:

Picy Pi¢q 4

t S S A T T2~ 10002
2 40t o, +18.88°

Ve

T2, +356.4544

Using the prior variables, equation 5 simplifies as follows:

CT=CT+k(HR~(by CT2+b -CT+by))

CT=CT Ak (HR~(-4.5714-CT?+384.4286-CT,~7887.
1) )

[0043] In at least one embodiment as illustrated, for
example, in FIG. 3A, the above discussed method embodi-
ments are performed on a processor 300 running code that
enables the performance of at least one method embodiment
and is in communication with a heart rate data source 310.
Examples of a heart rate data source include, but are not
limited to, a heart rate monitor attached to the person, a
processor receiving EKG signals from electrodes attached to
the person, a processor receiving a photoplethysmogram
signal (e.g., a pulse oximeter), or a processor receiving a
ballistic-cardiogram signal. In at least one embodiment,
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there is a memory or storage (not illustrated) in communi-
cation with the processor 300.

[0044] In at least one embodiment as illustrated, for
example, in FIG. 3B, the processor 300 includes code that
will run a set of modules including an initial core body
temperature (CT) module 302, a heart rate module 304, and
core body temperature calculator 306. The initial body
temperature module 302 sets or receives an initial core body
temperature using the different approaches discussed above.
The heart rate module 304 in at least one embodiment
receives a heart rate from an external source, or alternatively
processes received signals from the external source to deter-
mine the current rate for the person. In a further embodi-
ment, the heart rate module 304 is a heart rate monitor that
the system has been incorporated into to provide the addi-
tional functionality of the invention. The core body tem-
perature calculator 306 determines the predicted core body
temperature for the person based on the prior core body
temperature and the current heart rate.

[0045] Also illustrated in FIG. 3B is an optional compo-
nent of a timer module 308 that provides the sampling rate
at which the heart rate is determined and the core body
temperature is calculated. The timer module (or timer) 308
uses a predetermined time period prior to the start of a
session for calculating a core body temperature. In an
alternative embodiment, the predetermined time period is set
by a user. In a further alternative embodiment, the prede-
termined time period is stored in a memory or other storage,
for example, in a database or is present in the code running
on the processor. In a further embodiment, the timer module
308 is connected to a temperature sensor 325 connected to
the processor as illustrated, for example, in FIG. 3C. The
timer adjusts the sampling intervals based on the tempera-
ture signal provided by the temperature sensor 325 by
decreasing the interval when the temperature is above a
predetermined threshold(s). In at least one embodiment, the
temperature sensor 325 detects the environment tempera-
ture, while in another embodiment it detects the temperature
proximate the skin of the person. In a still further embodi-
ment, there are two of temperature sensors to detect both
temperatures.

[0046] In further embodiments, the processor is present on
a heart rate monitor and/or a processing hub worn by the
person whose core body temperature is being monitored. In
a further embodiment as illustrated, for example, in FIG. 3D,
the processor 300 is connected to a transmitter 320 to
transmit at least the estimated core body temperature to an
external system 350. In an alternative embodiment or in
addition to the further embodiment, the estimated core body
temperature is displayed for viewing by the person being
monitored, for example, on a display 315 present on the
device with the processor, a wrist worn display, a smart
telephone, or a heads up display.

[0047] In an alternative embodiment to any of the above
embodiments, the system further includes an alarm module
309 (illustrated, for example, in FIG. 3E) as part of the
processor for providing an alert signal when predetermined
thresholds for the core body temperature are reached. In at
least one embodiment, the predetermined thresholds are
stored in a memory or other storage, for example, in a
database or are present in the code running on the processor.
The alert signal triggers an alarm in the system and/or an
external device to provide notice of potential risk of over-
heating of the person. In a further embodiment, the alarm
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module 309 is in communication with the temperature
sensor 325 and uses the detected temperature to select the
threshold sets for triggering an alarm such that the threshold
sets will set lower temperature thresholds for higher detected
temperatures detected by the temperature sensor 325.
[0048] In a further embodiment, the processor is detached
from the person being monitored and is present in external
equipment such as a medical monitor or a computer running
software that performs according to at least one method
embodiment. In such an embodiment, the information is
being provided to a system and/or an individual other than
the person being monitored. Examples of how the informa-
tion is provided include, but are not limited to, transmitting
over a cable and/or wirelessly through a transmitter and a
receiver, and a user interface such as a keyboard or graphical
interface displayed on a display. Although in a further
embodiment, the estimated core body temperature is also
provided to the person being monitored, for example, for
displaying as discussed previously.

[0049] In an alternative embodiment, the extended Kal-
man filter model is adjusted for fitness level, because it is
expected that as fitness levels deviate from the training data
that the model’s performance would degrade. In response to
this potential, one of the model parameters can be modified
to account for deviations in fitness levels in an alternative
embodiment. In particular, the Gamma (or variance) param-
eter from Equation 2 is adjusted by increasing it for better
fitness, and decreasing it for lower fitness levels. It is
believed that a linear relationship will exist where Gamma
will equal a fitness value added to a constant where the
fitness value may equal a coefficient times a fitness number
for that person.

[0050] To test the hypothesis of a variance based on fitness
level for the difference in core body temperature (ATcore)
time-update conditional Gaussian PDF was learned from the
Elite distance runner development data (Ely et al. 2009) then
tested on the remaining hold-out elite distance runner data
(n=12). FIGS. 4A and 4B shows a time series plot and Bland
Altman deviation plot for the core body temperature (Tcore)
and extended Kalman filter model estimates from the Elite
distance runners held out to be used as validation data. FIG.
4A shows the mean core body temperature (Tcore) and
model estimates, using the core body temperature (Tcore)
variance learned from the original development and tuning
data (y=0.024), and FIG. 4B shows the responses using the
variance learned from the Elite development data (y=0.043).
[0051] In a further alternative embodiment, the extended
Kalman filter model is adjusted for the resting heart rate
based on, for example, an initial heart rate measurement
received from the heart rate monitor. The initial heart rate
will be used to move the graph illustrated, for example, in
FIG. 5B up or down from the lower heart rate in a linear
manner. Or in an alternative approach, the bottom heart rate
will be adjusted up or down based on the initial heart rate
while the top heart rate will not be adjusted but instead the
correlation between the heart rate and the core body tem-
perature will be scaled.

[0052] In a further alternative embodiment, the Kalman
filter model is adjusted based on age of the person by
adjusting the maximum heart rate used in the model to
reflect the person’s age. An example of one way to deter-
mine maximum heart rate is to use 220 minus the person’s
age; however, the maximum heart rate could be determined
for the person based on physiological testing prior to use of
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the model. In at least one embodiment, the maximum heart
rate is adjusted to reflect the heart rate for the person while
leaving the starting heart rate in the model alone and thereby
adjusting the scale of the correlation between the heart rate
and the core body temperature.

[0053] In a further alternative embodiment, any combina-
tion of the fitness, resting heart rate, and maximum heart rate
are used to fine-tune the model for the individual.

[0054] A. Model Verification for the Extended Kalman
Filter Model of Equations 1-6

[0055] Data from ten laboratory and field studies with a
total of 100 test volunteers were used in the development
(N=17) and validation (N=83) of the extended Kalman filter
model discussed above in connection with Equations 1-6.
Original data from the studies were used in consultation with
the principal investigators of these studies. These studies are
described in detail in their original cited publications. All
research was conducted under the oversight of respective
Institutional Review Boards. In some instances, the number
of volunteers used for the analyses was less than those
reported in the cited studies. These instances occur where
either the heart rate and/or core body temperature data were
not available for these participants from the original research
data or where volunteers failed to complete the whole
experiment. Table 1 discussed later contains a summary of
study volunteers, work rates, and environmental conditions
where the study is identified by letter code (T and A-I).
[0056] Model Development Data (T): heart rate (Equivital
EQO02, Hidalgo Cambridge UK) and core body temperature
(ingested—Jonah Thermometer Pill, Respironics, Bend,
Oreg.) data were collected from seventeen male U.S. Army
volunteers  (age=23+4 years, height=1.7920.08 m,
weight=81.3+10.8 kg, body fat=18+3% meanzstandard
deviation (SD)) on one of two days of a field training
exercise during July 2011 (air temperature 24°-36° C.,
42%-97% relative humidity (RH), wind speeds from O to 4
ms™! (meters per second) with activities during the day
conducted under full sun) at Fort Bragg, North Carolina. The
field exercise included periods of sleep, rest, foot movement
and periods of vigorous upper body work, providing a very
wide range of work rates. These data were chosen to develop
the model as they included the largest range (36-40° C.) and
most dynamic core body temperature responses of our
analyzed data.

[0057] Data from nine studies were used to examine the
performance of the model in a number of different condi-
tions and to provide model validation. Where studies had
different test conditions, these conditions are further labeled
and summarized in Table 2 after the discussion of the
studies. Four laboratory studies were used for controlled
comparisons of the effects of different environments, hydra-
tion states, clothing ensembles, and acclimation state; and
five field physiological monitoring experiments were used to
examine the performance under different climates and dif-
ferent levels of protective clothing.

[0058] Laboratory Study (A) Environmental Conditions
(Cheuvront et al 2007): eighteen volunteers (seventeen
male, one female) (22x4 years, 1.77+0.04 m, 80.9£15.3 kg)
participated in six eight-hour bouts of intermittent treadmill
exercises while wearing U.S. Army battledress uniform
(BDU). Volunteers were euhydrated and heat acclimated.
Core body temperature was measured using a thermometer
pill suppository. The six test conditions were: (A.1) 20° C,,
50% RH and a total energy expenditure (TEE) rate of about
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460 W; (A.2) 27° C., 40% RH and a TEE rate of about 350
W; (A.3) 27° C., 40% RH and a TEE rate of about 470 W,
(A.4) 35° C., 30% RH and an TEE rate of about 350 W,
(A.5)35° C., 30% RH and a TEE rate of about 470 W; and
(A.6) 40° C., 40% RH and a TEE rate of about 360 W.
[0059] Laboratory Study (B) Hydration State (Montain &
Coyle 1992): eight heat acclimated male volunteers (23+3
years, 71.9x11.6 kg) completed two hours of cycle ergom-
eter exercise at a TEE rate of about 1000 W while wearing
shorts and a t-shirt in environmental conditions of 33° C,,
50% RH. Core body temperature was measured with a rectal
probe. Conditions were: (B.1) hydrated with 80% fluid
replacement; and (B.2) dehydrated with no fluid replace-
ment.

[0060] Laboratory Study (C) Clothing (Latzka et al 1997,
1998): eight heat acclimated euhydrated male volunteers
(23£6 years, 1.76+£0.06 m, 76.0+15.1 kg, 18+6% body fat)
participated in treadmill exercise at TEE rates of about 675
W in an environment of 35° C. and 55% RH. Core body
temperature was measured with a rectal probe. Conditions
were: (C.1) shorts and a t-shirt (n=6) for 111 minutes of
exercise; and (C.2) totally encapsulating chemical protective
clothing (n=8) for 28 minutes of exercise.

[0061] Laboratory Study (D) Acclimation State (Kenefick
et al 2011): seven male euhydrated volunteers (247 years,
1.78+0.08 m, 80.2+21.3 kg , 16x11% body fat) participated
in a treadmill exercise at a TEE rate of about 550 W while
wearing shorts and a t-shirt in environmental conditions of
45° C., 20% RH. Core body temperature was measured
using a thermometer pill used as a suppository. Conditions
were: (D.1) unacclimated for 59 minutes of exercise; and
(D.2) acclimated (10 previous days of exercise in the heat)
for 100 minutes of exercise.

[0062] Field Study (E) U.S. Army Ranger Training Bri-
gade (RTB) (Unpublished): eleven male acclimated euhy-
drated RTB students (276 years, 1.77+0.05 m, 81.7+£5.3 kg,
14+3% body fat) participated in an eight mile timed road
march (140 minutes) while carrying about 35 kg at night.
Volunteers wore the Army combat uniform, and had TEE
rates of about 675 W in 25° C., 85% RH environmental
conditions with wind speeds ranging from 0 to 3 ms™". Core
body temperature was measured by ingested thermometer
pill.

[0063] Field Study (F) U.S. Special Forces (Buller et al
2011b): seven male heat acclimated euhydrated Special
Forces military students (27+2 years, 1.78+0.08 m, 85.7+6.2
kg) who were participating in multi-day selection course
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were studied. Volunteers were studied over a 24 hour period
which included various training activities and sleep. Volun-
teers wore the Army combat uniform and had average TEE
rates about 200 W. Environmental conditions ranged from 9°
to 13° C. and 83 to 95% RH with wind speeds of 0.4 to 3.0
ms™ with some sun during outdoor activities. Core body
temperature was measured by ingested thermometer pill.
[0064] Field Study (G) Iraq (Buller et al 2008): eight male
heat acclimated euhydrated U.S. Marines (211 years,
1.80+0.07 m, 85.1+9.0 kg, 15+3% body fat) who conducted
one of two foot patrols (209 minutes and 250 minutes) in
Iraq were studied. Volunteers wore the standard Marine
Corps combat shirts and body armor (about a 37 kg load)
and had an average TEE rate of about 200 W. Environmental
conditions were 42° to 47° C. and 9% to 11% RH; and 39°
to 44° C., and 9° to 13% RH with wind speeds <2.0 ms™".
Both patrols were conducted in full sun. Core body tem-
perature was measured by ingested thermometer pill.
[0065] Field Study (H) Afghanistan (Buller et al 2011a):
eight male heat acclimated U.S. Marines (21+2 years,
1.84+0.04 m, 85.7£6.2 kg, 16+3% body fat) who conducted
one of two foot patrols during a full mission day in Afghani-
stan were studied (683 minutes and 488 minutes). Volunteers
wore the standard Marine Corps combat shirts and body
armor (about 32 kg load). Patrols were conducted with
average TEE rates about 400 W. Environmental conditions
were 20°£3° C., and 20x11% RH with wind speeds of
24+0.8 ms™'; and 20°+5.3° C., 26x13% RH with wind
speeds of 2.0x1.1 ms™. Both monitoring periods were under
full sun. Core body temperature was measured by ingested
thermometer pill.

[0066] Field Study (I) Australian Army Soldiers (Unpub-
lished): eight male heat acclimated euhydrated Australian
Army Soldiers (28+6 years, 1.95£0.09 m, 85.7+14.2 kg,
1324% body fat) participated in two training activities.
Conditions were: (1.1) a simulated patrol and ambush
(15°20° C., 65%-85% RH, wind speed less than 1.5 ms™,
limited sun) which included periods of strenuous activity
(297 minutes) with the volunteers wearing chemical bio-
logical protective gear in an open configuration (Military
Operational Protective Posture (MOPP) II); and (1.2) a S km
road march conducted in fully encapsulating chemical bio-
logical protective equipment worn in the MOPP IV configu-
ration (18° C., 72% RH, wind speed <1 ms™", dusk) with an
average TEE rate of about 685 W (244 minutes). Core body
temperature was measured by ingested thermometer pill.
[0067] Table 1 shows the volunteer characteristics, TEE
rate and environment summary by study.

TABLE 1
Body TEE Air

Time Age Height Wt. Fat Rate Temp. RH
Sty (min) 0 ers) ) ke 9 Wi (C) %)
T ~840 17 234 179+008 81 =11 18=3 Various ~ 24-36  42-97
A ~480 x 6 18% 22+4 1797+004 81«15 N/C 350/470  20-40  30-50
B 121/121 8 23x£3 NC 2£12 N/IC 1000 33 50
C 111/28 6/8 236 176006 7615 18x6 675 35 55
D 59/100 7 24+7 178+008 80=21 16=11 550 45 20
E 140 11 27«6 177005 82=5 14+3 675 25 85
F 1441 7 272 178+£008 866 N/C 200 9-13  83-95
G 209 + 250 8 21+1 180 +£007 85=+9 15+3 200 39-47  9-13
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7
TABLE 1-continued
Body TEE Air
Time Age Height Wt. Fat Rate Temp. RH
Study (min.) n  (years) (m) (kg) (%) (Wit °Cy (%)
H 683 + 488 8 21+2 1.84x0.04 8 +6 16 £3 400 20 20-26
I 297/244 8 286 195+0.09 8 +14 13 x4 Var/685  15-20  65-85
TEE = Total energy expenditure rates.
FValues reported are approximate.
T = Training/Development Data.
*Includes one female.
N/C = Not Collected.
Var. = various.
Means + SD.
[0068] Table 2 shows the mean RMSE, bias, and limits of
agreement (LoA) for validation data.
TABLE 2
Study Condition #min. n RMSE Bias LoA
A.l. Environment ~ 20° C., 50% RH, 460 W 507 9 032=x0.16 -0.12 £ 0.33  =0.65
A2 27° C., 40% RH, 350 W 461 11 025 +0.14 -0.09 £ 0.27 +0.53
A3 27° C., 40% RH, 470 W 461 10 032 +0.13 0.07 £ 033  £0.65
A4 35° C., 30% RH, 350 W 461 12 033 £0.18 -0.25 = 0.287 +0.54
A5 35° C., 30% RH, 470 W 461 7 025=x0.12 0.07 £0.26 052
A6 40° C., 40% RH, 360 W 461 7 029 =0.09 0.00 £0.30  £0.60
B.1. Hydration Hydrated 121 g8 044 £0.19% 0.31 £ 036 =0.71%
B.2 (33° C., 50%)  Hypohydrated 121 g 026011 0.14 £0.24 =048
C.1. Clothing Shorts & T Shirt 111 6 021011 0.05 £0.23 =043
C.2 (35° C., 55%)  Chem. Bio. PPE 28 g 019 £0.16 -0.12£0.21 =040
D.1. Acclimation Heat Acclimated 59 7 028=0.11 -0.13 £ 0.27  £0.52
D.2 (45° C., 20%)  Unacclimated 100 7 026=x0.19 -0.01 £ 0.31  =0.60
E. U.S. Army Rangers (24° C., 85%) 140 11 0.29 £0.09 -0.06 £ 0.30  £0.58
F. U.S. Special Forces (SF) (11° C., 91%) 1441 7 029 =007 0.06 £0.29 =056
G. USMC Iraq (42° C., 11%) 225 g8 023 £0.08 -0.05 =024 048
H. USMC Afghanistan (20° C., 20%) 586 g 032014 -0.07 £ 0.34  =0.66
1.1. Austral. Sol. (MOPP IT) (18° C., 75%) 297 & 026 £0.07 0.03 £0.27 =053
1.2. Austral. Sol. (MOPP IV) (18° C., 72%) 244 8 0420141  -0.28 = 0.34%  =0.67%
Overall* 0.30 £0.13 -0.03 £ 0.32  =0.63

Values are mean + SD.
+Significant difference at p < 0.05.
PPE = Personal Protective Equipment.

Bolded results indicate Bias and where limits of agreement thresholds have been exceeded.

USMC = U.S. Marine Corps.

*Overall RMSE weighted by study duration & n. Overall bias and limits of agreement computed from all data points.

[0069]

[0070] An extended Kalman filter model is comprised of
two relationships: a time update model and an observation
model. In the estimation of core body temperature the time
update model relates how core body temperature changes
from time step to time step along with the uncertainty/noise
of this change. The observation model relates an observation
of heart rate to a core body temperature value along with the
uncertainty of this mapping. The time update and observa-
tion models are shown in Equations 7 and 8 as regression
models with the uncertainty/noise represented as zero mean
Gaussian distributions with variances of v* and o”.

[0071] The time update model was defined as a linear
regression equation as follows:

B. Extended Kalman Filter Model Development

CT=a,CT,_ +ay+f where f~N(0, v) 7

where CT=core temperature, subscript t=time point, a,=time
update model coefficient, a,=time update model intercept,
f=noise drawn from a Gaussian distribution (N) with mean
0 and standard deviation (SD) y. Parameters a, and a, were
found by least squares regression of CT, by CT, ;. The

parameter y was derived from the standard deviation of the
discrete probability distribution of ACT points from the
development data.

[0072] The observation model was defined as a quadratic
regression model as follows:

HR,=b,CT2+b CTAbgtg where g~N(0,0) (8)
where b,=observation model quadratic coefficient,

b,=observation model coeflicient, b,=observation model
intercept, g=noise drawn from a Gaussian distribution with
mean 0 and SD o, Equation 8 shows a quadratic regression
model as this was found to better fit the development data
necessitating the use of the extended Kalman filter. Param-
eters by, by, and b, were found by quadratic least squares
regression fit to eight pairs of core body temperature—heart
rate points found by searching for the optimal core body
temperature estimation performance of a previous Kalman
filter model (Buller et al 2010). The parameter o was found
by computing the mean and standard deviation of heart rate
values binned by core body temperature at 0.1° C. intervals
and taking the mean of the standard deviation values for
each bin.
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[0073] Ifthe model parameters (ag, a,, Y, by, by, b,, and o)
can be found, a standard set of extended Kalman filter
equations can be used to iteratively compute the most likely
core body temperature given a series of heart rate observa-
tions (see Equations 1-6 discussed above). The simplified
equations 1-6 are shown using the model parameters from
equations 7 and 8, and where the learned model parameters
have been substituted. Thus, given any series of one minute
heart rate observations these equations can be used to
iteratively compute a series of minute by minute core body
temperature estimates. However, at each time step the
extended Kalman filter equations can be thought of as
operating in the following way: (1) compute an estimate of
the current core body temperature using the time update
model (see Equation 1), (2) compute the uncertainty of the
current core body temperature estimate using the time
update model uncertainty (see Equation 2), (3) adjust the
current core body temperature estimate using the current
observation of heart rate and the observation model
weighted by the uncertainty of the observation versus the
uncertainty of the current core body temperature estimate
(see Equation 5), and (4) adjust the core body temperature
estimate uncertainty based upon the uncertainty of the
observation (see Equation 6).

[0074] The prior Kalman filter model (Buller et al 2010)
was used to search for the optimal CT-HR points using our
developmental data. The prior Kalman filter linear observa-
tion model was split into 7 line segments at eight core body
temperature values of 36.5°, 37.0°, 37.5°, 38.0°, 38.5°,
39.0°, 39.5°, and 40.0° C. That Kalman filter model was
modified to be run in a piecewise fashion using these seven
line segments. For each core body temperature (listed above)
starting with the lowest, the heart rate value (£50 beats/
minute in 1 beat intervals) were systemically varied to
redefine the Kalman filter observation model at this point.
For each heart rate, the redefined Kalman filter model was
used to provide estimates of core body temperature given
our development data. The heart rate that provided core
body temperature estimates with the minimum root mean
square error (RMSE) compared to the observed develop-
ment data was selected. The next highest core body tem-
perature line segment point was then selected and the
process repeated. In this way the eight CT-HR pairs were
modified by the developmental data from the earlier obser-
vation model to a new model that better defined the rela-
tionship between core body temperature and heart rate. A
quadratic least-squares regression was fit to these points to
become our optimized observation model.

[0075] C. Model Validation (Statistical Analysis)

[0076] The limits of agreement (LoA) method (Bland and
Altman 1986) was selected as the most appropriate means
for assessing agreement between the observed core body
temperature and Kalman filter model estimate. This method
plots the average of observed and estimated values against
the difference (estimate—observation). Bias is computed as
the mean of the differences. Limits of agreement are com-
puted as bias +1.96xstandard deviation (SD) of the differ-
ences. The limits of agreement provide a range of error
within which 95% of all estimates using the extended
Kalman filter approach should fall assuming a normal dis-
tribution. The initial observed core body temperature values
for each study were used as starting values for the extended
Kalman filter model and the initial variance was set to zero
indicating high confidence in these values. The extended
Kalman Filter model was developed using data with one
minute intervals. Where data had sampling rates more
frequent than the one minute intervals the mean of all values
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occurring in that minute was used. Where the sampling rate
was greater than one minute, values were linearly interpo-
lated.

[0077] The Bland and Altman method specifies no a priori
limits on what forms an acceptable bias or range of the limits
of agreement; instead they suggest these values depend on
the measure and its intended use. For this analysis, the
model’s performance was compared to how the accepted
laboratory measures of rectal and esophageal temperatures
compare. Bias limits were set to the individual biological
variation of £0.25° C. found by Consolazio, Johnson and
Pecora (1963). To set limits of agreement, the literature for
comparisons of rectal to esophageal temperatures was exam-
ined. Table 3 shows results of bias +SD and limits of
agreement for five studies. Taking a weighted mean of all
studies suggests that 95% of comparisons of rectal versus
esophageal core body temperatures fall within +0.58° C.
This limits of agreement appears to reflect the difficulty in
obtaining tight agreement in different methods of core body
temperature measurement. This difficulty is highlighted
when both esophageal and rectal temperature methods are
compared to pulmonary arterial blood temperature where
limits of agreement are +0.59° C. and £0.78° C. respectively
(Lefrant et al 2003).

[0078] Table 3 shows the bias and the limits of agreement
for studies comparing rectal and esophageal measure of core
body temperature.

TABLE 3
limits of
agreement
Citation Bias = SD (1.96 * SD) N
Kolka* -0.21 £ 0.17 =0.33 4
Lee* -0.35 £ 0.20 =0.40 7
Teunissen et al 2011 0.01 £ 0.32 £0.63 10
Brauer et al 1997 -0.03 £ 0.42 =0.82 60
Al-Mukhaizeem et al 2004 0.05 = 0.22% =0.43F 80
Weighted Mean  =0.58 161

*In Byrne and Lim (2007).
FTWeighted mean of 3 periods in Table 1, Al-Mukhaizeem et al (2004).

[0079] The root mean square error (RMSE) for each
individual volunteer and the mean RMSE+SD for each
condition were computed. A single factor (study condition)
analysis of variance (ANOVA) was used to test for differ-
ences in Kalman filter model performance (RMSE, bias, and
limit of agreement (LoA)) across conditions in study A and
across field studies E through [. To readily identify what
factors were causing main effect differences, the least sig-
nificant difference (LSD) post-hoc test was used. T-tests
were used to examine differences in performance between
laboratory baseline measures and dehydration, acclimation
and clothing configurations studies B, C and D respectively.
An overall RMSE was computed, weighted by each indi-
vidual and study duration. Overall bias and limits of agree-
ment were computed from all data points. Grubbs (1969)
outlier detection test was used to identify RMSE and bias
measures that differed significantly from each study’s group
responses.

[0080] D. Model Development

[0081] FIG. 5A shows the discrete probability distribution
of OCT used for the time update model and FIG. 5B shows
a scatter plot of all core body temperature by heart rate
points showing the mean HR+SD for core body temperature
binned by 0.1° C. intervals. The discrete probability distri-
bution mean was found to be 0.001°£0.022° C./minute. The
regression of previous core body temperature with current
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was found to be CT,~0.9984-CT,_,+0.0622 with an r*=0.99.
With the mean of the discrete probability distribution close
to zero, and the regression coeflicient close to one, and
because it was expected to be equally likely that core body
temperature will either increase or decrease we set our time
update model to a,=1, a,=0 and y=0.022.

[0082] The optimal piecewise line segment points that
provided the best RMSE (0.27°£0.10° C.) and largest num-
ber of points within +0.58° C. (96.1+6.7%) are shown in
FIG. 5B. A quadratic fit to these points defines the obser-
vation mapping function as b,=-7887.1, b,=384.4286, and
b,=-4.5714. The mean standard deviation for the binned
heart rate=18.88+3.78 beats/minute so a is set to 18.88. To
keep the extended Kalman filter model simple the positively
(low CT) and negatively (high CT) skewed heart rate
distributions at the extremes of core body temperature are
ignored. Keeping the assumption that heart rate is normally
distributed across all core body temperatures has the effect
of slightly under and over estimating the rate of rise of core
body temperature for low and high core body temperatures
respectively.

[0083] Table 4 shows the iterative application of these
equations to a series of heart rate observations given a
starting CT,=37.94° C. and a starting variance of v,=0.
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the validation data. The Bland Altman plot showing bias
(solid) and +1.96 SD (dashed) for validation data. FIG. 7C
shows a normalized histogram of the model error for all the
validation data.

[0087] Table 2 (see above) presents the mean RMSE, bias,
and limits of agreement (LoA) for estimated versus observed
core body temperature for the laboratory and field validation
studies. FIGS. 8A1-8A18 show individual Bland-Altman
plots showing bias (solid lines) and +1.96 SD (dashed lines)
for each study including individual conditions. FIGS. 8B1-
8B18 show the mean observed and estimated core body
temperature plots for all the studies including conditions to
provide more detailed overview of the model performance.
[0088] At environmental conditions 35° C., 30% relative
humidity, and an EE rate of 350 W (study A.4), the bias
exceeded our acceptability threshold and is significantly
more negative than the study conditions A3, A.5, and A.6
(F=2.77, P<0.03). The hydrated baseline condition (B.1)
exceeded both the bias and limits of agreement criteria, and
is significantly different from the dehydrated condition (B.2)
on the measures of RMSE and limits of agreement (t=2.21,
P<0.05; and t=3.05, P<0.01 respectively). For the field
studies mild conditions (18° C.) with high EE rate (about
685 W) and encapsulation in PPE (1.2) has significantly

TABLE 4
heart éT, \A/, c, k, CT, v,
rate t (eq. 3) (eq. 4) (eq. 5) (eq. 6) (eq. 7) (2q. 8)
0 37.94 0
124 1 3794000  0.00048 3755077 0.00005  37.94031  0.00048
111 2 3794031 0.00097 3754791 0.00010  37.93962  0.00096
119 3 3793962 0.00145 3755427  0.00015  37.93979 0.00144
145 4 3793979  0.00192 3755266 0.00020  37.94525  0.00191

Bold font = observed or initialization data.
Equations 1-6 are applied iteratively to compute CT, and v,.

[0084] FIGS. 6A and 6B illustrate the performance of the
learned model on the development data. FIG. 6A shows a
scatter plot of estimated core body temperature by observed
core body temperature (CT), the line of identity and a least
squares linear regression fit to the development data. The
scatter plot of observed (Obs.) core body temperature versus
estimated (Est.) core body temperature for the development
data, showing the line of identity (solid) and least squares
regression line (dashed). FIG. 6B shows a Bland Altman
Plot of mean of observed and estimated core body tempera-
ture versus estimated—observed core body temperature
(CT). The bias=-0.04°+0.28° C. with the LoA=+0.55° C.
The Bland Altman plot showing bias (solid) and +1.96SD
(dashed) for the development data. FIG. 6C shows a nor-
malized histogram of the model error.

[0085] E. Model Validation

[0086] The extended Kalman filter model using Equations
1-6 was validated against 150 individual test sessions with
83 different volunteers (providing more than 52,000 core
body temperature observations) and had an overall bias of
-0.03°£0.32° C. with the LoA=+0.63 ° C. The overall
weighted mean RMSE was 0.30°£0.13° C. FIG. 7A shows
a scatter plot of estimated core body temperature by
observed core body temperature, the line of identity and a
least squares linear regression fit to the validation data. The
scatter plot of observed (Obs.) core body temperature versus
estimated (Est.) core body temperature for the validation
data, showing the line of identity (solid) and least squares
regression line (dashed). FIG. 7B shows a Bland Altman
Plot of mean of observed and estimated core body tempera-
ture versus estimated—observed core body temperature of

greater RMSE, and negative bias (F=4.24, P<0.004, F=3.78,
P<0.007, respectively) than the other filed studies (E, F, G,
H, and 1.1); and significantly greater limits of agreement
than studies G and 1.1 (F=2.68 and P<0.03, respectively).

[0089] Table 5 presents four individuals identified as out-
liers using the Grubbs criterion test from seven of the
studies. No individual characteristic stands out as a factor in
determining the outliers. Individuals with RMSE and/or bias
identified as outliers from 2-tailed Grubbs test.

TABLE 5

Outlying Outlying
Individual RMSE Bias
(age, ht.,, wt., % fat ) Study cC) rc)
23, 1.70 m, 69 kg A2,A3,A4 0.60%, 0.58, -0.591, -0.55%,

0.74% -0.72
* 1.73m, 72 kg, 9% C2 0.48% -0.39
38, 1.86 m, 98 kg, 28% D.1,D.2 0.38,0.54 0.29%, 0.50%
22,1.85m, 88 kg, 15% H 0.60% -0.55%

*Individual age not available.
Tp < 0.03,
TApproaching significance.

[0090] Table 6 summarizes the performance of the
extended Kalman filter model across a range of temperatures
and TEE rates with clothing configurations from shorts and
t-shirts to partial encapsulation. The extended Kalman filter
model performance for a variety of temperatures and energy
expenditure rates with acclimated, hydrated volunteers, not
encapsulated in personal protective equipment.
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Table 6

Environmental Temperature (°C)
91013 | 181020 | 241027 | 331035 | 401045

Low R
Pl o O - o1

o o 0 Q\\\\\Q
\\\\\\\\\\\\\\\\\\

O = bias is < +0.13, " limits of agreement exceeds +0.58 by less than 0.1° C, 1 limits of

Energy
Expenditure Rate

Very High
(>675 W)

agreement exceeds +0.58 by more than 0.1° C , - underestimation of CT, +

overestimation of CT, grey area = no data.
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[0091] F. Discussion

[0092] This section discusses the extended Kalman filter
model as embodied in the simplified Equations 1-6 dis-
cussed above.

[0093] The extended Kalman filter model has an overall
bias of only -0.03°+0.32° C. and limits of agreement of
+0.63° C. indicating that 95% of all model estimates fell
within this range of the observed core body temperature. The
model has a similar limits of agreement to those found when
comparing rectal and esophageal measurements of core
body temperature (+0.58° C., see Table 3) and is within the
limits of agreement for rectal and esophageal measures
found by Teunissen et al (2011) and Brauver et al (1997) of
+0.63° C. and +0.82° C., respectively.

[0094] Using the aggregated results of the various studies,
with clothing configurations from shorts and t-shirts to
partial chemical biological encapsulation; it is possible to
examine the performance of the model across a large tem-
perature range for several different rates of energy expen-
diture. Table 6 above summarizes the performance of the
model in terms of our comparison criteria. For most tem-
peratures and work rates, the model provides core body
temperature estimates with a bias and limits of agreement
that are similar to those found in comparisons of rectal
versus esophageal temperatures. However, at temperatures
0f 33° to 35° C. there are two exceptions. First, at low work
rates the model significantly underestimates core body tem-
perature, and second at very high work rates the model
significantly overestimates core body temperature. These
errors can be tolerated in the context of using the model for
maintaining the safety of individuals. At low work rates the
underestimation poses limited risk for missing individuals
under thermal strain. In fact, the core body temperature
observations for this eight hour series of work rest cycles
(study A.4) never exceeded 38.5° C. as depicted in FIG.
8B4. Conversely, at very high work rates the model tends to
err on the side of false positives rather than missing ther-
mally stressed individuals.

[0095] Analysis of the laboratory studies also demon-
strates that the model provides core body temperature esti-
mates with small bias and limits of agreement within or
close to our comparison threshold when volunteers are
dehydrated, encapsulated in chemical biological PPE, or in
an unacclimated state.

[0096] Only one set of conditions proved difficult for
using the model in a safety assessment context. The model
performs significantly less-well estimating core body tem-
perature of individuals engaged in very strenuous activity, in
cooler temperatures while encapsulated in chemical biologi-
cal PPE (MOPP 1V) (study 1.2). This particular study
examined volunteers on a 5 km road march conducted at a
15 minute/mile pace in full chemical biological protective
garments. Here the model clearly does not account for the
full rise in core body temperature seen during the road march
(see FIG. 8B18, panel 1.2) and hence has a large negative
core body temperature bias. Although the work rate and
clothing vapor occlusivness are similar to that in the clothing
laboratory study (study C), the ambient temperature was
cooler (18° C. versus 35° C.). Under these conditions it
appears that the thermoregulatory response of the volunteers
was to widen the CT-to-skin temperature gradient, by allow-
ing core body temperature to rise, rather than increase skin
blood flow (see Sawka and Young 2006). Thus, the observed
rise in core body temperature was greater than the rise the
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model would estimate from heart rate. Under the warmer
conditions of the clothing laboratory study (study C) the
model performed adequately.

[0097] When compared to the other recent approaches at
providing non-invasive estimates of core body temperature
the model performs well. The model estimates of core body
temperature have a similar bias when compared to the heat
flux sensor proposed by Gunga et al (2008). However, limits
of agreement for the heat flux sensor in environmental
conditions of 25° C. and 40° C. were much higher (+0.71°
C. and +0.74° C., respectively) than all our conditions
except study B.1. Similarly, when the model is directly
compared to a real time implementation of a physics based
thermo-regulatory model (Yokota et al 2008) across study
conditions A.1-A.5 (bias zLoA: -0.24+0.67; -0.25+0.66;
-0.08+0.77; -0.2320.65; 0.10+1.09° C., respectively) (De-
Groot et al personal communication) the model performs
better with a bias closer to zero in four out of the five
conditions and has limits of agreement less than those
provided by the thermoregulatory model.

[0098] As with any method there is a distribution in
performance (see FIGS. 6 A-6C) where the model will more
accurately estimate core body temperature in some individu-
als than others. The overall and individual study Bland
Altman charts in combination with the outlier analysis show
that the model predicts core body temperature very well
except for a small number of individuals. The outlier analy-
sis (see Table 5) identified four individuals where the model
did not perform as well as the group. This same number is
predicted by the limits of agreement methodology (5% of
83) where 5% of the population would be expected to fall
outside of the +0.63° C. limits of agreement bounds. For the
outlier from study A.2, A.3, and A.4 the error is systemati-
cally negative. Similarly, the individual identified as an
outlier in D.1 and D.2 has a systematic positive bias in core
body temperature estimations. With these outliers perfor-
mance of the model appears to be individual specific rather
than condition specific, and so systematic biases for indi-
viduals appear to be correctable. The model parameters do
allow for individualization by both age and fitness.

[0099] Other factors can affect heart rate, and thus the core
body temperature estimation, include diet, caffeine, sleep,
and psychological stress. The effects of diet and caffeine on
heart rate will likely be outweighed by activity and thermo-
regulation. There were no controls for these factors in the
field studies. Since it is likely that many volunteers were
taking caffeinated products, the performance of the model
includes the potential influence of caffeine. During sleep
heart rate is reduced to low levels, but the model’s estima-
tion of core body temperature appears appropriate in these
situations given the sleep data at the mid-point of study F.
However, the impact of elevated heart rate from sustained
psychological stress on the model’s performance is
unknown.

[0100] Although in some conditions the model provides
limits of agreement that exceed our comparison threshold, it
is important to highlight both the simplicity of the present
model and that the limits of agreement calculations include
all data with heart rate transients from the start and end of
exercise. These transient periods are included to demon-
strate that the model can track core body temperature during
dynamic real-world periods of work and rest. Teunissen et al
2011 examined the limits of agreement between rectal and
esophageal core body temperature across periods of rest,
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exercise and recovery and found similar limits of agreement
of £0.63° C. The model in at least one embodiment uses only
one variable, heart rate, to estimate core body temperature
with no adjustment for height, weight, body composition,
fitness, or age.

[0101] Finally, while the model is not a replacement for
the direct measurement of core body temperature the find-
ings suggest the model is accurate, precise and practical
enough to provide an indication of thermal work strain for
use in the work place. Using an estimate of core body
temperature in conjunction with heart rate to obtain a
physiological strain index (PSI) value would provide a
simple mechanism for alerting workers to possible excessive
thermal work strain.

[0102] An example of a function for use in MatLab with
annotations, which based on this disclosure it should be
appreciated could be omitted, is as follows:
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tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
disclosure, a computer readable storage medium may be any
tangible medium that can contain, or store a program for use
by or in connection with an instruction execution system,
apparatus, or device.

[0105] A computer readable signal medium may include a
propagated data signal with computer readable program
code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal may take any of
a variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A

function CT=KFModel(heart rate ,CTstart)

%Inputs:
%heart rate = A vector of minute to minute heart rate values.
%CTstart = Core Body Temperature at time 0.

%Outputs:

%core body temperature = A vector of minute to minute core body temperature

estimates
%Extended Kalman Filter Parameters
a=l; gamma=0.022A2; )
b_0=-7887.1; b__1=384.4286; b_2=-4.5714; sigma=18.88 2;
%Initialize Kalman filter
x=CTstart; v=0;%v=0 assumes confidence with start value.
%lterate through heart rate time sequence
for time=1:length(heart rate )
%Time Update Phase
%_pred=a*x;
Vﬁpred:(ab)*%galmna;
%Observation Update Phase
z=heart rate (time);
¢_ve=2.*b_2.*x_pred+b_1;
k=(v7pred.*cfvc)./((cfvc.AZ).*V’fpred+sigma);
x=x_pred+k.*(z—(b_2.*(x_pred. 2)+b_1.*x_pred+b_0));
v=(1-k.*c_vc).*v_pred;
CT(time)=x;
end

%Equation 1
%Equation 2

%Equation 3
%Equation 4
%Equation 5
%Equation 6

[0103] As will be appreciated by one skilled in the art
based on this disclosure, aspects of the present invention
may be embodied as a system, method or computer program
product. Accordingly, aspects of the present invention may
take the form of an entirely hardware embodiment, a pro-
cessor operating with software embodiment (including firm-
ware, resident software, micro-code, etc.) or an embodiment
combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in
one or more computer readable medium(s) having computer
readable program code embodied thereon.

[0104] Any combination of one or more computer read-
able medium(s) may be utilized. The computer readable
medium may be a computer readable signal medium or a
computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-

computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

[0106] Computer program code for carrying out opera-
tions for aspects of the present invention may be written in
any combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++, C#, Transact-SQL, XML, or the like
and conventional procedural programming languages, such
as the “C” programming language or similar programming
languages. The program code may execute entirely on the
user’s computer, partly on the user’s computer, as a stand-
alone software package, partly on the user’s computer and
partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote com-
puter may be connected to the user’s computer through any
type of network, including a local area network (LAN) or a
wide area network (WAN), or the connection may be made
to an external computer (for exaniple, through the Internet
using an Internet Service Provider).

[0107] Aspects of the present invention are described
above with reference to flowchart illustrations and/or block
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diagrams of methods, apparatus (systems) and computer
program products according to embodiments of the inven-
tion. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer program instructions.
These computer program instructions may be provided to a
processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute with the processor of the computer or other pro-
grammable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

[0108] These computer program instructions may also be
stored in a computer readable medium that can direct a
computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

[0109] The computer program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other devices to cause a series of opera-
tional steps to be performed on the computer, other pro-
grammable apparatus or other devices to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide processes for implementing the functions/
acts specified in the flowchart and/or block diagram block or
blocks.

[0110] Referring now to FIG. 9, a representative hardware
environment for practicing at least one embodiment of the
invention is depicted. This schematic drawing illustrates a
hardware configuration of an information handling/com-
puter system in accordance with at least one embodiment of
the invention. The system comprises at least one processor
or central processing unit (CPU) 10. The CPUs 10 are
interconnected with system bus 12 to various devices such
as a random access memory (RAM) 14, read-only memory
(ROM) 16, and an input/output (1/O) adapter 18. The 1/O
adapter 18 can connect to peripheral devices, such as disk
units 11 and tape drives 13, or other program storage devices
that are readable by the system. The system can read the
inventive instructions on the program storage devices and
follow these instructions to execute the methodology of at
least one embodiment of the invention. The system further
includes a user interface adapter 19 that connects a keyboard
15, mouse 17, speaker 24, microphone 22, and/or other user
interface devices such as a touch screen device (not shown)
to the bus 12 to gather user input. Additionally, a commu-
nication adapter 20 connects the bus 12 to a data processing
network 25, and a display adapter 21 connects the bus 12 to
a display device 23 which may be embodied as an output
device such as a monitor, printer, or transmitter, for example.
[0111] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods and computer
program products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of code, which comprises one or more executable
instructions for implementing the specified logical function
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(s). It should also be noted that, in some alternative imple-
mentations, the functions noted in the block may occur out
of the order noted in the figures. For example, two blocks
shown in succession may, in fact, be executed substantially
concurrently, or the blocks may sometimes be executed in
the reverse order, depending upon the functionality
involved. It will also be noted that each block of the block
diagrams and/or flowchart illustration, and combinations of
blocks in the block diagrams and/or flowchart illustration,
can be implemented by special purpose hardware-based
systems that perform the specified functions or acts, or
combinations of special purpose hardware and computer
instructions.

[0112] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the root terms “include”
and/or “have”, when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0113] The corresponding structures, materials, acts, and
equivalents of all means plus function elements in the claims
below are intended to include any structure, or material, for
performing the function in combination with other claimed
elements as specifically claimed. The description of the
present invention has been presented for purposes of illus-
tration and description, but is not intended to be exhaustive
or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiments were chosen and
described in order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are
suited to the particular use contemplated.

[0114] Although the present invention has been described
in terms of particular example embodiments, it is not limited
to those embodiments. The embodiments, examples, and
modifications which would still be encompassed by the
invention may be made by those skilled in the art, particu-
larly in light of the foregoing teachings.

[0115] As used above “substantially,” “generally,” and
other words of degree are relative modifiers intended to
indicate permissible variation from the characteristic so
modified. Tt is not intended to be limited to the absolute
value or characteristic which it modifies but rather possess-
ing more of the physical or functional characteristic than its
opposite, and preferably, approaching or approximating
such a physical or functional characteristic.

[0116] Those skilled in the art will appreciate that various
adaptations and modifications of the exemplary and alter-
native embodiments described above can be configured
without departing from the scope and spirit of the invention.
Therefore, it is to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described herein.

2 46
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VI INDUSTRIAL APPLICABILITY

[0117] The information provided by the Kalman filter
model can be used in at least one embodiment to determine
whether a particular individual needs to take a break and/or
seek treatment/assistance to cool down to lower their core
body temperature.

VII. REFERENCE LIST

[0118] The following articles have been referred to in this
disclosure:
[0119] Al-Muhaizeem F, Allen U, Komar L, Naser B, Roy

L, Stephens D, Read S, Kim C, Schuh S (2004), “Compari-
son of temporal artery, rectal and esophageal core tempera-
ture in children: results of a pilot study”, Pediatr. Child
Health 9(7):461-465.

[0120] Bland J M and Altman D G (1986), “Statistical
methods for assessing agreement between two methods of
clinical measurements”, The Lancet 1(8476):307-310.
[0121] Buller M J, Tharion W J, Hoyt R W, Jenkins O C
(2010), “Estimation of human internal temperature from
wearable physiological sensors”, 22nd Conference on Inno-
vative Applications of Artificial Intelligence (IAAI), 1763~
1768.

[0122] Buller M J, Welles A P, Stower J, Desantis C,
Margolis L, Karis A I, Economos D, Hoyt R W, Richter M
W (2011), “Thermal work strain during Marine rifle squad
operations in Afghanistan (March 2010)”, USARIEM Tech-
nical Report No.: T11-02 (AD A501301).

[0123] Buller M J, Castellani J, Roberts W S, Hoyt R W,
Jenkins O C (2011), “Human thermoregulatory system state
estimation using non-invasive physiological sensors”, Conf.
Proc. IEEE Eng. Med. Biol. Soc. 3290-3293.

[0124] Byrne C, Lim C L (2007), “The ingestible telem-
etric body core temperature sensor: a review of validity and
exercise applications”, Br. J. Sports Med. 41:126-133.
[0125] Consolazio C F, Johnson R E and Pecora L J
(1963), “Physiological variability in young men” in Physi-
ological measurements of metabolic functions (Eds) Conso-
lazio C F, Johnson R E, Pecora L. ] McGraw Hill, New York,
N.Y., pp 453-480.

[0126] Cheuvront S N , Montain S J, Goodman D A,
Blanchard [, Sawka M N (2007), “Evaluation of the limits
to accurate sweat loss prediction during prolonged exer-
cise”, Eur. J. Appl. Physiol. 101(2): 215-224.

[0127] DeGroot D W, Goodman D A, Montain S J, Cheu-
vront, S N (2008), “Validation of the ICDA Model for
Predicting Body Core Temperature”, Medicine & Science in
Sports & Exercise. 40(5): S367 (Abstract).

[0128] Fiala D, Lomas K J, Stohrer M (2001), “Computer
prediction of human thermoregulatory and temperature
responses to a wide range of environmental conditions”, /nt.
J. Biometeorol. 45:143-59.

[0129] Fick A (1855), “On liquid diffusion”, The London,
Edinburgh, and Dublin Philosophical Magazine and Jour-
nal of Science. 10—Fourth Series (July-September), 30-39,
1855.

[0130] Frank A, Belokopytov M, Shapiro Y, Epstein Y
(2001), “The cumulative heat strain index—a novel
approach to assess the physiological strain induced by
exercise heat stress”, Eur. J. Appl. Physiol. 84: 527-532.
[0131] Fox R H, Solman A ], Isaacs R, Fry A ] and
MacDonald I C (1973), “A new method for monitoring deep
body temperature from the skin surface”, Clin. Sci. 44:81-6.

Aug. 24, 2017

[0132] Grubbs, F E (1969), “Procedures for Detecting
Outlying Observations in Samples”, Technometrics 11(1):1-
21.

[0133] Gunga H C, Sandsund M, Reinertsen R E, Sattler
F, Koch J (2008), “A non-invasive device to continuously
determine heat strain in humans”, J. Thermal Biology
33:297-307.

[0134] Gunga H C, Werner A, Stahn A, Steinach M,
Schlabs T, Koralewski E, Kunz D, Belavy’ D L, Felsenberg
D, Sattler F, Koch I (2009), “The Double Sensor—A non-
invasive device to continuously monitor core temperature in
humans on earth and in space. Respiratory Physiology &
Neurobiology”, 1695:563-568.

[0135] Havenith G (2001), “Individualized model of
human thermoregulation for the simulation of heat stress
response”, J. Appl. Physiol. 90:1943-1954.

[0136] Kenefick R W, Cheuvront S N, Ely B R, Palombo
L J, Sawka M N (2011), “DEET insect repellent: effects on
thermoregulatory sweating and physiological strain”, Eur J.
Appl. Physiol. 111(12):3061-3068.

[0137] Kraning K K, Gonzalez R R (1997), “A mechanis-
tic computer simulation of human work in heat that accounts
for physical and physiological effects of clothing, aerobic
fitness, and progressive dehydration”, J. Therm. Biol. 22(4/
5): 331-342.

[0138] Latzka W A, Sawka M N, Montain S J, Skrinar G
S, Fielding R A, Matott R P, Pandolf K B (1997), “Hyper-
hydration: thermoregulatory effects during compensable
exercise-heat stress”, J. Appl. Physiol. 83(3): 860-866.

[0139] Latzka W A, Sawka M N, Montain S J, Skrinar G
S, Fielding R A, Matott R P, Pandolf K B (1998), “Hyper-
hydration: tolerance and cardiovascular effects during
uncompensible exercise-heat stress”, J. Appl. Physiol. 84:
1858-1864.

[0140] TeeJK, Nio AQ,Lim CL, Teo EY, Byrne C
(2010), “Thermoregulation, pacing and fluid balance during

mass participation distance running in a warm humid envi-
ronment”, Fur. J. Appl. Physiol. 107(5):1519-25.

[0141] Lefrant I'Y, Muller L, Coussaye ] E, Benbabaali M,
Lebris C, Zeitoun N, Mari C, Saissi G, Ripart J, Eledjam J
J (2003), “Temperature measurement in intensive care
patients: comparison of urinary bladder, oesophageal, rectal,
axillary, and inguinal methods versus pulmonary artery core
method”, Intensive Care Med. 29:414-418.

[0142] Lim C L, Byrne C, Lee ] K W (2008), “Human
thermoregulation and measurement of body temperature in
exercise and clinical settings”, Annals Academy of Medicine
37:347-353.

[0143] Montain S J, Coyle E F (1992), “Influence of
graded dehydration on hyperthermia and cardiovascular
drift during exercise”, J. Appl. Physiol. 73(4): 1340-1350.

[0144] Moran D S, Shitzer A and Pandolf K B (1998), “A
physiological strain index to evaluate heat stress”, Am. J.
Physiol. Regulatory Integrative Comp. Physiol. 275: 129-
134.

[0145] Sawka M N, Young A J (2006), “Physiological
systems and their responses to conditions of heat and cold”
in ACSM’s Advanced Exercise Physiology, (eds) Tipton C
M, Sawka M N, Tate C A, Terjung R L., American College
of Sports Medicine, Lipcot, Williams & Wilkins. New York,
N.Y. pp 535-563.



US 2017/0238811 Al

[0146] Steck L N, Sparrow E M, Abraham J P (2011),
“Non-invasive measurement of the human core tempera-
ture”, International Journal of Heat and Mass Transfer
54:975-982.

[0147] Teunissen L P I, Klewer J, de Haan A, de Konig J
J, and Daanen H A M (2011), “Non-invasive continuous core
temperature measurement by zero heat flux”, Physiological
Measurement 32:559-570.

[0148] Wilkinson D M, Carter ] M, Richmond V L,
Blacker S D and Rayson M P (2008), “The effect of cool
water ingestion on gastrointestinal pill temperature”, Med.
Sci. Sports Exerc. 40(3): 523-528.

[0149] Yamakage M, Iwasaki S, Namiki A (2002), “Evalu-
ation of newly developed monitor of deep body tempera-
ture”, J. Anesth. 16:354-357.

[0150] Yokota M, Berglund L, Cheuvront S, Santee W,
Latzka W, Montain S, Kolk M, Moran D (2008), “Thermo-
regulatory model to predict physiological status from ambi-
ent environment and heart rate”, Computers in Biology and
Medicine 38: 1187-1193.

1. A method for indirectly determining a core body
temperature of a person comprising:

setting an initial core body temperature at a mobile device

comprising a heart rate monitor, a processor, and a
display;

receiving at least two heart rates of the person with the

processor, where the heart rates are detected by the
heart rate monitor attached to the person;

calculating a predicted core body temperature with the

processor using an extended Kalman filter based on the
second heart rate and the initial core body temperature;
and

providing the predicted core body temperature to the

display, and

wherein the initial core body temperature is set by the

processor based on the first heart rate of the person.

2. The method according to claim 1, further comprising:

receiving an additional heart rate of the person with the

processor, where the additional heart rate is detected by
the heart rate monitor;

calculating a new predicted core body temperature with

the processor using the extended Kalman filter based on
the additional heart rate and the last predicted core
body temperature; and

repeating the receiving additional heart rate and calculat-

ing a new predicted core body temperature at prede-
termined intervals.

3. The method according to claim 2, further comprising:

when the new predicted core body temperature exceeds a

predetermined threshold, sending an alarm signal prior
to proceeding to repeating, wherein the alarm signal
triggers an alarm; and

when the new predicted core body temperature does not

exceed a predetermined threshold, proceeding to
repeating.

4. The method according to claim 2, further comprising
obtaining the predetermined interval.

5. The method according to claim 1, further comprising
recording the predicted core body temperature in memory in
the mobile device; and

wherein the mobile device is a processing hub on the

person being monitored, and

the extended Kalman filter includes a time update phase

and an observation update phase.
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6. The method according to claim 1, wherein providing
the predicted core body temperature includes transmitting
the predicted core body temperature with a transmitter to an
external device.

7. The method according to claim 1, wherein calculating
a predicted core body temperature includes

calculating a preliminary core body temperature estimate;

calculating a preliminary estimate of the variance of the

preliminary core body temperature estimate;
calculating an extended Kalman filter mapping function
variance coeflicient;
calculating a Kalman gain weighting factor based on the
preliminary estimate of variance and the extended
Kalman filter variance coefficient; and

calculating the predicted core body temperature using a
preliminary core body temperature estimate, an error
between the new heart rate and an expected heart rate
given the preliminary estimate of the core body tem-
perature.

8. The method according to claim 7, wherein calculating
a predicted core body temperature further includes deter-
mining a variance of the predicted core body temperature.

9. The method according to claim 1, further comprising
adjusting the extended Kalman filter based on at least one of
a fitness level, an age, a maximum heart rate and a resting
heart rate of the person.

10. A mobile device for indirectly determining a core
body temperature of a person, the mobile device comprising:

a heart rate monitor capable of attachment to the person

whose core body temperature is being determined;

a memory to store core body temperature data; and

a processor in communication with said heart rate moni-

tor, said processor calculates a core body temperature
using an extended Kalman filter having a plurality of
constants and the extended Kalman filter having as the
only inputs heart rate information from said heart rate
monitor and prior core body temperature data stored in
said memory.

11. The mobile device according to claim 10, further
comprising a display in communication with said processor,
wherein said processor provides the calculated core body
temperature to said display.

12. The mobile device according to claim 10, further
comprising a transmitter for communication with an external
system, said transmitter in communication with said proces-
sor.

13. The mobile device according to claim 10, further
comprising a temperature sensor in communication with
said processor.

14. The mobile device according to claim 10, wherein said
processor includes

an initial core body temperature module for setting an

initial core body temperature,

a heart rate module for obtaining heart rate information,

and

a core body temperature calculator module for calculating

the core body temperature, said core body temperature
calculator module in communication with said initial
core body temperature module and said heart rate
module.

15. The mobile device according to claim 14, where said
processor further includes a timer module in communication
with said heart rate module and said core body temperature
calculator module.
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16. The mobile device according to claim 15, where said
processor further includes an alarm module for triggering an
alarm when the core body temperature exceeds a threshold,
said alarm module in communication with said core body
temperature calculator module.

17. The mobile device according to claim 16, further
comprising:

a display in communication with said core body tempera-

ture calculator module;

a transmitter in communication with said core body

temperature calculator module; and

a temperature sensor in communication with at least one

of said timer module and said alarm module.

18. A mobile device for indirectly determining a core
body temperature of a person, the mobile device comprising:

a heart rate monitor; and

a processor in communication with said heart rate moni-

tor, said processor having program code embodied
therewith, the program code executable by the proces-
sor to
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set an initial core body temperature;

receive a heart rate of the person from said heart rate
monitor;

calculate a predicted core body temperature using an
extended Kalman filter having as inputs the heart rate
and at least one of the initial core body temperature
and the prior core body temperature; and

provide the predicted core body temperature as the core
body temperature of the person.

19. The mobile device according to claim 18, further
comprising:

a display in communication with said processor; and

a transmitter in communication with said processor.

20. The mobile device according to claim 18, wherein the
initial core body temperature is set based on the initial heart
rate of the person.
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