
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

18
7 

80
4

B
1

(Cont. next page)

TEPZZ _878Z4B_T
(11) EP 2 187 804 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
30.05.2018 Bulletin 2018/22

(21) Application number: 08837440.0

(22) Date of filing: 14.07.2008

(51) Int Cl.:
A61B 5/145 (2006.01) A61B 5/1455 (2006.01)

A61B 5/00 (2006.01) A61B 5/0205 (2006.01)

A61B 5/024 (2006.01)

(86) International application number: 
PCT/US2008/069998

(87) International publication number: 
WO 2009/048659 (16.04.2009 Gazette 2009/16)

(54) PHYSICAL PERFORMANCE MONITORING AND MONITORS

ÜBERWACHUNG EINER PHYSIKALISCHEN LEISTUNG UND MONITORE DAFÜR

SURVEILLANCE DE PERFORMANCES PHYSIQUES ET MONITEURS

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HR HU IE IS IT LI LT LU LV MC MT NL NO PL PT 
RO SE SI SK TR

(30) Priority: 13.07.2007 US 949789 P

(43) Date of publication of application: 
26.05.2010 Bulletin 2010/21

(73) Proprietor: University of Massachusetts
Boston, MA 02110 (US)

(72) Inventor: SOLLER, Babs, R.
Northboro
Massachusetts 01532 (US)

(74) Representative: Conroy, John et al
Fish & Richardson P.C. 
Highlight Business Towers 
Mies-van-der-Rohe-Straße 8
80807 München (DE)

(56) References cited:  
WO-A1-99/39630 US-A- 5 813 403
US-A1- 2003 088 163 US-A1- 2005 021 110
US-A1- 2006 281 983 US-B1- 6 216 021
US-B1- 6 542 762  

• Soller ET AL: "NONINVASIVE SENSOR FOR 
MEASURING MUSCLE METABOLISM DURING 
EXERCISE", , 1 January 2007 (2007-01-01), pages 
1-1, XP055072838, Retrieved from the Internet: 
URL:http://ntrs.nasa.gov/archive/nasa/casi .ntrs
.nasa.gov/20070007299_2007005321.pdf 
[retrieved on 2013-07-25]

• HIGGINBOTHAM M B ET AL: "Determinants of 
variable exercise performance among patients 
with severe left ventricular dysfunction", 
AMERICAN JOURNAL OF CARDIOLOGY, 
CAHNERS PUBLISHING CO., NEWTON, MA, US, 
vol. 51, no. 1, 1 January 1983 (1983-01-01), pages 
52-60, XP026370613, ISSN: 0002-9149 [retrieved 
on 1983-01-01]

• GRASSI: "Blood lactate accumulation and 
muscle deoxygenation during incremental 
exercise", JOURNAL OF APPLIED PHYSIOLOGY, 
vol. 87, no. 1, 1 January 1999 (1999-01-01), page 
348, XP055073134, ISSN: 8750-7587

• ROMUALDO BELARDINELLI ET AL: "Changes in 
skeletal muscle oxygenation during incremental 
exercise measured with near infrared 
spectroscopy", EUROPEAN JOURNAL OF 
APPLIED PHYSIOLOGY AND OCCUPATIONAL 
PHYSIOLOGY, vol. 70, no. 6, 1 January 1995 
(1995-01-01), pages 487-492, XP055072939, ISSN: 
0301-5548, DOI: 10.1007/BF00634377



2

EP 2 187 804 B1

• S. C. FORBES ET AL: "Effects of hyperventilation 
on phosphocreatine kinetics and muscle 
deoxygenation during moderate-intensity plantar 
flexion exercise", JOURNAL OF APPLIED 
PHYSIOLOGY, vol. 102, no. 4, 14 December 2006 
(2006-12-14), pages 1565-1573, XP055073183, 
ISSN: 8750-7587, DOI: 
10.1152/japplphysiol.00895.2006

• HAMAOKA ET AL.: ’Noninvasive measures of 
oxidative metabolism on working human 
muscles by near-infrared spectroscopy’ J. APPL. 
PHYSIOL. vol. 81, 1996, page 1410, XP008131354

• YANG YE ET AL: "Simultaneous correction of the 
influence of skin color and fat on tissue 
spectroscopy by use of a two-distance fiber-optic 
probe and orthogonalization technique", OPTICS 
LETTERS, OPTICAL SOCIETY OF AMERICA, vol. 
30, no. 17, 1 September 2005 (2005-09-01), pages 
2269-2271, XP009156876, ISSN: 0146-9592, DOI: 
10.1364/OL.30.002269

• K. Kawaguchi ET AL: "Do the kinetics of 
peripheral muscle oxygenation reflect systemic 
oxygen intake?", EUROPEAN JOURNAL OF 
APPLIED PHYSIOLOGY, vol. 84, no. 1-2, 16 
February 2001 (2001-02-16), pages 158-161, 
XP055413519, DE ISSN: 1439-6319, DOI: 
10.1007/s004210000352



EP 2 187 804 B1

3

5

10

15

20

25

30

35

40

45

50

55

Description

TECHNICAL FIELD

[0001] This disclosure relates to methods and devices for monitoring physical performance.

BACKGROUND

[0002] The effects of physical stress on the human body can be assessed by measuring anaerobic threshold and
oxygen consumption rates during exercise. For example, both professional and non-professional athletes may attempt
to quantitatively assess the effectiveness of a training regimen by measuring these parameters during periods of incre-
mental physical exercise. Effective athletic training regimens typically increase both anaerobic thresholds and oxygen
consumption rates.
[0003] The rate of oxygen consumption in human tissue can be measured by a trained operator with complex and
expensive gas analysis equipment. Typically, these measurements are performed in a laboratory. In contrast, an anaer-
obic threshold can be determined in the field, but typically involves multiple invasive measurements (e.g., multiple blood
withdrawals, typically via a finger stick to obtain a drop of blood). As a result, measuring an anaerobic threshold can be
both time-consuming and uncomfortable for the subject.
[0004] Soller, et al. in "Noninvasive Sensor for Measuring Muscle Metabolism During Exercise" (NASA Technical
Reports Server (NTRS), available at https ://ntrs.nasa.gov/search.jsp?R=20070007299) describes the measurement of
oxygen uptake and lactate threshold to assess changes in aerobic capacity and the efficacy of exercise countermeasures
in astronauts.
[0005] Higginbotham et al. in "Determinants of variable exercise performance among patients with severe left ventricular
dysfunction" (Am J Cardiol. 51(1) p. 52-60 (1983)) describe an assessment of the relation between bicycle exercise
performance and determinants of central and peripheral cardiovascular function in 17 patients with class II to III heart
failure and in 9 normal subjects.
[0006] Grassi et al. in "Blood lactate accumulation and muscle deoxygenation during incremental exercise" (J Appl
Physiol (1985) 87(1) p. 348-55 (1999)) describes measurements of pulmonary gas exchange and earlobe lactose con-
centration with determinations of concentration changes of oxygenated Hb and deoxygenated Hb in the vastus lateralis
muscle, by continuous-wave NIRS.

SUMMARY

[0007] Disclosed herein are systems and methods for the non-invasive measurement of anaerobic thresholds and
oxygen consumption rates during exercise to monitor athletic performance, e.g., athletic performance, and level of fitness.
Oxygen consumption measurements provide quantitative assessments of an individual’s metabolic rate.
[0008] As used herein, the "oxygen consumption rate" refers to the rate at which oxygen is removed from oxygenated
blood, particularly during periods of physical activity (although oxygen consumption occurs at all times). In particular,
during periods of strenuous physical activity - such as during an athletic event or training session - the rate at which
oxygen is consumed from blood in muscle tissues can increase significantly, relative to the rate of oxygen consumption
during periods of physical inactivity. For the purposes of this disclosure, the oxygen consumption rate in the tissue of a
subject is equivalent to the oxygen uptake rate. Although the term oxygen consumption rate is more commonly used in
the scientific literature and will be used throughout this disclosure, it is understood that the term "oxygen uptake rate" is
synonymous with oxygen consumption rate as disclosed herein.
[0009] Furthermore, as used herein, an "anaerobic threshold" refers to the rate of oxygen consumption (or another
quantity related to exercise intensity) at which the rate of change of concentration of lactate in a subject’s blood increases
with incrementally greater work (e.g., incrementally greater physical exertion). In other words, for a subject undergoing
increasing exercise intensity up to the anaerobic threshold, the subject’s blood lactate concentration increases at a rate
that is approximately constant in time. Once the subject’s anaerobic threshold is reached, the subject’s blood lactate
concentration begins to rise at an abruptly faster (although, perhaps still constant rate). Physiologically, the anaerobic
threshold corresponds to the point at which the rate of lactate production in the tissue exceeds the rate at which lactate
is removed, and/or there is a significant increase in the rate of CO2 production.
[0010] Performance monitors measure near-infrared spectra of tissue (e.g., a human subject or an animal subject)
via reflectance and/or absorbance measurements to quantitatively determine physiological parameters such as pH,
blood hematocrit, and oxygen saturation of the tissues. From one or more of these parameters, an anaerobic threshold
can be determined. Using these parameters and measurements of heart rate and arterial oxygen saturation, oxygen
consumption rates can be determined. Using the systems and methods disclosed herein, anaerobic thresholds can be
determined without performing multiple invasive measurements (e.g., serial blood withdrawals), and without inducing a
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subject to complete a maximum exercise regimen. Thus, oxygen consumption rates can be determined without the aid
of a metabolic cart and/or sophisticated gas analysis equipment and trained operators. The above objectives are achieved
by a method and an apparatus according to appended independent claims 1 and 5.
[0011] The performance monitors disclosed herein can be implemented as portable monitors configured to be attached
to a subject such as a human patient or an animal such as a horse or dog. For example, a portable monitor for determining
one or both of an anaerobic threshold and oxygen consumption rates can be configured to be attached directly to an
arm or a leg of a subject via an adjustable (e.g., elastic) strap or adhesive pad. Alternatively, or in addition, the portable
monitor can be attached to a belt or waistband, e.g., of a garment, and a sensor can extend from the monitor and be
attached to skin of the subject via an attachment mechanism such as an adhesive pad. A single performance monitor
can be used to measure both anaerobic threshold and oxygen consumption rates, or separate performance monitors
can be used to measure one or both of these quantities. Performance monitors can transmit, (e.g., wirelessly transmit)
data, including physiological parameters such as anaerobic threshold and oxygen consumption rates, to a display and/or
storage medium. In addition, performance monitors can transmit data over networks, including wired and wireless net-
works.
[0012] In general, in a first aspect, the disclosure features methods of determining an anaerobic threshold of a human
or animal subject, where the methods include exposing a tissue of the subject to illumination radiation, collecting emitted
radiation from the tissue, the emitted radiation including a portion of the illumination radiation reflected or transmitted
from the tissue, processing the emitted radiation to form a spectrum of the tissue, and determining, based on the spectrum
of the tissue, an anaerobic threshold of the subject. The methods can include one or more of the following features.
[0013] The methods can include determining the anaerobic threshold based on a plurality of concentration values of
an analyte in the tissue.
[0014] The methods can include determining the anaerobic threshold based on a plurality of pH values of the tissue,
where each of the plurality of pH values can be obtained by measuring a spectrum of the tissue and determining a pH
value from the spectrum. Determining the anaerobic threshold based on the plurality of pH values can include fitting
more than one of the plurality of pH values to a mathematical equation to determine parameters of the equation, and
determining the anaerobic threshold from the mathematical equation.
[0015] Determining the anaerobic threshold based on the plurality of pH values can include determining a plurality of
hydrogen ion concentration values of the tissue from the plurality of pH values, fitting more than one of the plurality of
hydrogen ion concentration values to a mathematical equation to determine parameters of the equation, and determining
the anaerobic threshold from the mathematical equation. The mathematical equation can be of the form 

where x is a measure of exercise intensity, x0 is an adjustable parameter that corresponds to the anaerobic threshold,
y is the hydrogen ion concentration, and y1, y2, s1, and s2 are adjustable parameters. The measure of exercise intensity
can be a rate of oxygen consumption in the tissue.
[0016] Determining the anaerobic threshold can include determining a plurality of hydrogen ion concentration values
of the tissue from the plurality of pH values, fitting more than one of the plurality of hydrogen ion concentration values
to a mathematical equation to determine parameters of the equation, and determining a measure of exercise intensity
at which a first derivative of the mathematical equation changes. The measure of exercise intensity can be an oxygen
consumption rate.
[0017] Determining the anaerobic threshold can include determining a pH value or a hydrogen ion concentration value
of the tissue that corresponds to the anaerobic threshold, and the methods can include monitoring a pH value or a
hydrogen ion concentration value in the subject during a period of physical exercise.
[0018] Determining the anaerobic threshold can include determining a pH value or a hydrogen ion concentration value
of the tissue that corresponds to the anaerobic threshold, and the methods can include determining a first pH value or
a first hydrogen ion concentration value in the subject prior to a period of physical exercise, and determining a second
pH value or a second hydrogen ion concentration value in the subject following the period of physical exercise.
[0019] The methods can include determining a pH value or a hydrogen ion concentration value of the tissue that
corresponds to the anaerobic threshold, and further determining pH values or hydrogen ion concentration values in the
subject at least twice during a period of physical exercise to assess whether the subject’s anaerobic threshold has been
reached, where the pH values or the hydrogen ion concentration values are determined at a frequency of 0.1 Hz or more.
[0020] The methods can include assessing one or both of a physical condition of the subject and an effectiveness of
an exercise regimen performed by the subject based on the anaerobic threshold.
[0021] The methods can also include any of the other features or method steps disclosed herein, as appropriate.
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[0022] In another aspect, the disclosure features methods of determining an oxygen consumption rate of a human or
animal subject, where the methods include exposing a tissue of the subject to illumination radiation, collecting emitted
radiation from the tissue, the emitted radiation including a portion of the illumination radiation reflected or transmitted
from the tissue, processing the emitted radiation to form a spectrum of the tissue, and determining, based on the spectrum
of the tissue, an oxygen consumption rate of the subject. The methods can include one or more of the following features.
[0023] Determining the rate of oxygen consumption can include determining a difference between arterial oxygen
saturation and tissue oxygen saturation in the tissue. Determining the rate of oxygen consumption can include determining
a stroke volume of the subject based on a heart rate of the subject.
[0024] Determining the rate of oxygen consumption can include determining a hemoglobin concentration in the tissue.
Determining the hemoglobin concentration in the tissue can include determining a hematocrit level in the tissue based
on the spectrum of the tissue, and determining a hemoglobin concentration in the tissue based on the hematocrit level.
[0025] The rate of oxygen consumption in the tissue can be determined according to 

where VO2 is the rate of oxygen consumption in the tissue, SV is a stroke volume of the subject, HR is a heart rate of
the subject, and C(a-b)O2 is a difference between arterial and venous oxygen content in the tissue. The difference between
arterial and venous oxygen content, C(a-b)O2, can be calculated based on values of arterial and venous oxygen saturation
in the tissue and a hemoglobin concentration in the tissue.
[0026] The methods can include determining, based on the spectrum of the tissue, an anaerobic threshold of the subject.
[0027] The methods can also include any of the other features or method steps disclosed herein, as appropriate.
[0028] In a further aspect, the disclosure features apparatus that includes a spectrometer configured to detect light
emitted from a tissue of a human or animal subject and to determine a spectrum of the tissue from the detected light,
and an electronic processor coupled to the spectrometer and configured to determine, based on the spectrum of the
tissue, at least one of an oxygen consumption rate and an anaerobic threshold of the subject. The apparatus can include
one or more of the following features.
[0029] The electronic processor can be configured to determine a plurality of spectra of the tissue, determine a plurality
of pH values of the tissue, where each one of the plurality of pH values can be obtained from one of the plurality of
spectra, and determine the anaerobic threshold based on the plurality of pH values.
[0030] The spectrometer can include at least one light source, one or more incident light ports configured to transmit
light from the at least one light source to the tissue, and one or more light receiving ports configured to transmit light
from the tissue to a detector, where the one or more incident light ports and the one or more light receiving ports are
enclosed in a housing that includes an attachment mechanism for attaching the housing to a portion of a subject’s body.
[0031] The at least one light source can include a plurality of light emitting diodes. The at least one light source can
have a full width at half maximum spectral bandwidth of 50 nm or more.
[0032] The one or more light receiving ports can include one light receiving port. The one or more incident light ports
can include a first light port positioned at a first distance from the light receiving port and a second light port positioned
at a second distance, shorter than the first distance, from the light receiving port. The electronic processor can be
configured to correct spectral data derived from light from the first light port with spectral data derived from light from
the second light port. Spectral data derived from light from the first light port can include information about the tissue
and about one or more layers overlying the tissue. Spectral data derived from light from the second light port can include
information about the one or more overlying layers.
[0033] The apparatus can include a communication interface in electrical communication with the electronic processor,
the communication interface being configured to transmit (e.g., wirelessly transmit) signals from the electronic processor
to a device over at least one of a communication link and a network. The network can be a wireless network (e.g., a
mobile telephone network). The network can be the internet. The communication link can be a wireless communication
link. The device can be at least one of a computer, a handheld computing device, a mobile telephone, and a display device.
[0034] The signals can include information about the subject, and the device can be a computing device configured
to monitor the information about the subject.
[0035] The electronic processor can be configured to determine the rate of oxygen consumption based on a stroke
volume of the subject, a heart rate of the subject, a hemoglobin concentration in the subject, and a difference between
arterial and tissue oxygen saturation in the subject.
[0036] A system can include an electronic device connected to a data transmission network, and a plurality of monitoring
devices, each monitoring device corresponding to the apparatus, where each monitoring device is configured to transmit
information about one of multiple human or animal subjects to the electronic device over the data transmission network,
the information including at least one of the oxygen consumption rate and the anaerobic threshold of the subject.
[0037] The performance monitors disclosed herein are portable and therefore usable in a variety of environments,

·
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including field test environments and ambulatory environments. The performance monitors eliminate the need for met-
abolic cart devices, which typically include a face mask and mouthpiece worn by a test subject, and are often uncom-
fortable and claustrophobic for test subjects. Further, the performance monitors disclosed herein perform non-invasive
measurements, eliminating the need for removing blood and/or other fluids from test subjects.
[0038] In addition, the performance monitors disclosed herein are simpler and less expensive than alternative equip-
ment for assessing oxygen consumption rates in test subjects. The performance monitors do not require highly trained
operators, and provide real-time results for both local display and remote monitoring.
[0039] Unless otherwise defined, all technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this disclosure belongs. Although methods and materials similar
or equivalent to those described herein can be used in the practice or testing of the present disclosure, suitable methods
and materials are described below. In additon, the materials, methods, and examples are illustrative only and not intended
to be limiting.
[0040] The details of one or more embodiments are set forth in the accompanying drawings and the description below.
Other features and advantages will be apparent from the description, drawings, and claims.

DESCRIPTION OF DRAWINGS

[0041]

FIG. 1 is a schematic diagram of an embodiment of a performance monitor.
FIG. 2 is a schematic diagram of an embodiment of a performance monitor.
FIG. 3A is a photograph showing an embodiment of a performance monitor.
FIG. 3B is a photograph showing an internal view of a performance monitor with a processor and display positioned
within the monitor housing.
FIG. 4A is a schematic diagram of a performance monitor connected to a device via a network.
FIG. 4B is a schematic diagram of a plurality of performance monitors connected to a device via a network.
FIG. 5 is a plot of lactate concentration and hydrogen ion concentration as a function of exercise intensity for a test
subject.
FIG. 6 is a plot of oxygen consumption rate measured via near infrared spectroscopy and via standard instrumentation
as a function of time for a first test subject.
FIG. 7 is a plot of oxygen consumption rate measured via near infrared spectroscopy and via standard instrumentation
as a function of time for a second test subject.
FIG. 8 is a plot of stroke volume as a function of exercise intensity.
FIG. 9 is a plot of lactate concentration showing an anaerobic threshold for a test subject.
FIG. 10 is a plot of hydrogen ion concentration showing an anaerobic threshold for a test subject.
FIG. 11 is a plot of a rate of carbon dioxide production showing an anaerobic threshold for a test subject.
FIG. 12 is a plot showing anaerobic thresholds determined from lactate concentration and hydrogen ion concentration
for nine test subjects.
FIG. 13 is a plot showing anaerobic thresholds determined from hydrogen ion concentration and carbon dioxide
production rate for ten test subjects.
FIG. 14 is a representation of an external view of a performance monitor.
FIG. 15 is a plot of estimated stroke volume as a function of heart rate for three test subjects.
FIG. 16 is a plot of absolute oxygen consumption rate, determined from whole body measurements and near-infrared
spectral measurements, as a function of time for a female test subject.
FIG. 17 is a plot of absolute oxygen consumption rate, determined from whole body measurements and near-infrared
spectral measurements, as a function of time for a male test subject.
FIG. 18 is a plot showing a correlation between oxygen consumption rates determined from whole body measure-
ments and from near-infrared spectral measurements.

[0042] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0043] Infrared reflectance and/or absorbance measurements can be performed on tissues to determine a variety of
parameters that can be used to assess the general physiological condition of a subject such as a human patient.
Spectrometer systems suitable for performing such measurements are disclosed, for example, in U.S. Patent No.
7,245,373 entitled "Spectrometer System for Optical Reflectance Measurements" by Babs R. Soller et al., filed on April
25, 2005. In general, infrared reflectance and/or absorbance measurements can be performed on tissues in living
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organisms (e.g., humans and/or animal subjects).
[0044] FIG. 1 shows an embodiment of a portable performance monitor 100 for performing reflectance and/or absorb-
ance measurements from a tissue sample 102. Monitor 100 includes an optical source 104, a power supply 106 for
source 104, an optical bench 108, a shutter system 110, a shutter system driver 112, a spectrograph 114, fiber optic
cables 116a-c, a processor 118, and an attachment mechanism 119. Monitor 100 also includes a plurality of auxiliary
connection ports 120, 122, 124, and 126 in electrical communication with processor 118. Four connection ports are
shown schematically in FIG. 1. Embodiments of monitor 100 can have, in general, any number of auxiliary connection
ports. The auxiliary connection ports permit the connection of other sensors and/or instruments to processor 118. Proc-
essor 118 can be configured to receive data from sensors and/or instruments connected to auxiliary connection ports,
and processor 118 can also transmit signals to the sensors and/or instruments via the auxiliary connection ports.
[0045] Light from optical source 104 is manipulated by optical elements within optical bench 108 and can be alternately
blocked and allowed to pass by shutter system 110. When light from optical source 104 passes through shutter system
110, the light is guided via fiber optic cables 116a and/or 116b to attachment mechanism 119, which is configured to
secure cables 116a, 116b, and 116c to sample 102 and to permit light guided by cables 116a and/or 116b to be incident
on sample 102 via one or more incident light ports (not shown). The incident light ports provide apertures through which
light coupled out of cables 116a and/or 116b passes to reach sample 102.
[0046] Light reflected and/or transmitted from sample 102 is coupled, via one or more light receiving ports, into fiber
optic cable 116c and guided to spectrograph 114. In some embodiments, spectrograph 114 can also receive light directly
from source 104 (e.g., light that has not been incident on sample 102) via another fiber optic cable (not shown in FIG.
1). Spectrograph 114, which is controlled by processor 118, determines a spectrum of light reflected from and/or absorbed
by sample 102. Elements of performance monitor 100 can be combined. For example, shutter system 110 and/or shutter
system driver 112 can be part of optical bench 108. As another example, optical source 104 can be part of optical bench
108.
[0047] Spectrograph 114 can generally be any type of device or system that permits wavelength-resolved measurement
of light intensity. For example, spectrograph 114 can include a dispersive element such as a diffraction grating or prism
that disperses incident light spatially into a plurality of component wavelengths, and one or more optical elements to
direct the component wavelengths to a detector (e.g., a CCD device, a photodiode, a photomultiplier, or another such
device) configured to measure intensities of the component wavelengths. For example, spectrograph 114 can measure
intensities of component wavelengths of an incident light beam in another fashion, such as via the use of optical bandpass
filters. In some examples, spectrograph 114 can use other elements to measure light intensity at different wavelengths.
[0048] Fiber optic cable 116a, as shown in FIG. 1, is spaced at a longer distance from fiber optic cable 116c than fiber
optic cable 116b. By suitable selection of the positions of cables 116a and 116b relative to cable 116c, the spectral data
measured by spectrograph 114 can be corrected to reduce or remove spectral effects due to skin and/or fat layers that
overlie muscle tissues of interest in sample 102). For example, reflected light that is coupled into cable 116c and is
derived from incident light directed to sample 102 from cable 116a typically includes contributions both from overlying
skin and fat layers, and the deeper-lying tissue of interest (e.g., muscle tissue) in sample 102. In contrast, reflected light
that is coupled into cable 116c and is derived from incident light directed to sample 102 from cable 116b typically includes
(mostly) contributions from the skin and fat layers. As a result, in certain embodiments, monitor 100 can be configured
to separately measure reflected light derived from incident light delivered via cables 116a and 116b, and to use the
reflected light spectra derived from incident light from cable 116b to correct the spectra derived from incident light from
cable 116a, to reduce and/or remove spectral contributions from the overlying skin and fat layers. Monitor 100 can also
be configured to correct for variations in skin pigmentation among different subjects.
[0049] In some embodiments, performance monitors can include fewer components than are shown in FIG. 1, partic-
ularly where miniaturization and enhanced portability is desired. FIG. 2 shows an embodiment of a portable performance
monitor 150 that includes a processor 118 with auxiliary connection ports 120 and 122, a solid-state light source 104
(e.g., light source 104 can include one or more LED sources), a light source driver 106, an optical bench 128, and a
spectrograph 114. Light emitted by solid-state source 104 is incident on sample tissue 102 through an aperture 130 (or
a plurality of apertures) in housing 134. Light reflected and/or transmitted from sample 102 is admitted to optical bench
128 via aperture 132 (or a plurality of apertures) in housing 134. Optical bench 128 includes optical elements that direct
the reflected and/or transmitted light to spectrograph 114. Spectrograph 114, which is controlled by processor 118,
determines a reflectance and/or absorbance spectrum of light from sample 102.
[0050] Typically, solid-state light source 104 provides relatively broad-bandwidth light having a full width at half max-
imum (FWHM) spectral bandwidth that is similar to a spectral bandwidth of the light source shown in FIG. 1 (e.g., an
incandescent source). For example, in certain embodiments, a FWHM spectral bandwidth of solid-state source 104 is
1 nm or more (e.g., 3 nm or more, 5 nm or more, 10 nm or more, 30 nm or more, 50 nm or more, 75 nm or more, 100
or more, 200 nm or more, 300 nm or more, 500 nm or more, 700 nm or more, 900 nm or more).
[0051] An example of a performance monitor 170 with a sensor 190 mounted on a leg 192 of a test subject via an
attachment mechanism 194 is shown in FIG. 3A. Sensor 190 includes fiber optic cables configured to deliver light to leg
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192, and to collect reflected light from leg 192. Monitor 170 in FIG. 3A is connected to a laptop computer 196 via a
communication interface. Data from the monitor, including reflectance and/or absorbance spectra, can be transferred
to the computer via the communication interface. In the example shown in FIG. 3A, performance monitor 170 does not
include an electronic processor - processing functions, including determining values of various parameters from the
spectral data, are performed instead by computer 196. In general, the performance monitor may or may not include an
electronic processor within its housing; if the monitor does not include an electronic processor within its housing, the
monitor typically includes a connection (e.g., via a communication interface) to an electronic processor in an external
computing device such as a desktop computer, a handheld computer, and/or a mobile telephone. The external device
can perform some or all of the processing functions disclosed hereinafter, and can include a display interface for displaying
values of the various parameters, for example.
[0052] FIG. 3B shows an interior view of a performance monitor similar to that shown in FIG. 3A, but including an
electronic processor and a display within the monitor housing. The monitor shown in FIG. 3B measures 8" x 9" x 6" and
weighs 8 pounds, but other dimensions and weights are also possible. For example, in some embodiments, a maximum
dimension of the performance monitor is 6" or less (e.g., 5.5" or less, 5" or less, 4.5" or less, 4" or less, 3" or less, 2" or
less, 1" or less, 0.5" or less, 0.25" or less). A portion of the monitor, which includes fiber optic cables and light ports
enclosed by a housing, is fixed to the arm of a test subject using an attachment mechanism such as an adhesive pad.
A snap connection engages the adhesive pad and the housing. In certain embodiments, other attachment mechanisms
such as straps (not shown in FIG. 3B) can be used.
[0053] In addition to the display and the electronic processor, the monitor in FIG. 3B includes a storage medium, an
optical bench, power control electronics, an optical source and driver, and a spectrometer. In some embodiments, the
monitor can also include a battery for field use. A monitor of this size and weight can be used, for example, in field
applications as well as in laboratories and training centers. Subjects undergoing study will typically be exercising (e.g.,
on a stationary bicycle or treadmill). For ambulatory and other uses, a miniaturized version of one of the monitors shown
in FIGS. 3A and 3B can be worn on a belt, for example. Such a monitor can include, for example, a solid-state light
source that provides light with a relatively side FWHM spectral bandwidth. The solid-state source can be positioned
directly on the sensor (e.g., positioned within the housing attached to the subject’s body). The miniaturized monitor can
be powered via a battery.
[0054] FIG. 14 shows an external view of another embodiment of a performance monitor. Monitor 180 includes a
housing 183 formed of a relatively rigid material (e.g., plastic). A communications port 181 (e.g., a USB port) is configured
to transmit data from monitor 180 to one or more external devices, and/or to receive data from one or more external
devices. Power connector 182 is used to connect to a power source (e.g., an AC power source and/or a DC power
source such as a battery). Monitor 180 can also include a separate compartment within housing 183 that is configured
to house a battery so that monitor 180 can operate without being connected to a power source through port 182.
[0055] Positioned on housing 183 are connectors 184 that are configured to accommodate a fastener such as a strap,
which can be used to secure monitor 180 to a subject (e.g., to a leg or arm of a subject). The fastener can include a re-
fastenable closure such as a Velcro® strip that permits repeated attachment and detachment of monitor 180 from a
subject.
[0056] In some embodiments, performance monitors can include a communication interface for communicating with
other electronic devices. A performance monitor 200 with a communication interface 202 is shown in FIG. 4A. Monitor
200 communicates with device 210 via network 204. In certain embodiments, for example, device 210 can be a computer
(e.g., a desktop or notebook computer, or a handheld computer). In some embodiments, device 210 can be a mobile
telephone, or another electronic device such as a display device and/or a storage device. If device 210 is a mobile
telephone, device 210 can communicate with a second device (not shown) via network 204, such as a computer, and
can act as a transmitting device to transmit data from monitor 200 to the second device. In general, monitor 200 can
communicate with more than one device 210 via interface 202.
[0057] Network 204 can, in general, be any network that supports the exchange of signals between electronic devices.
In some embodiments, for example, network 204 includes cables (e.g., coaxial cables, fiber optic cables, or other cables)
that connect monitor 200 and device 210. In certain embodiments, network 204 is a wireless network such as a mobile
telephone network or the internet. Monitor 200 can be configured to authenticate itself on network 204 before exchange
of data is permitted between monitor 200 and device 210.
[0058] In some embodiments, a plurality of monitors can be connected to one or more electronic devices via a network.
FIG. 4B shows a plurality of monitors 200, each having a communication interface 202. Each monitor is connected to
device 210 via network 204, and can exchange data (e.g., data measured by monitor 200 and/or control instructions)
with device 210.
[0059] Reflectance and/or absorbance spectra determined by spectrograph 114 can be processed by processor 118
to determine various physiological parameters corresponding to sample tissue 102. In some embodiments, for example,
physiological parameters that can be determined from spectra can include any one or more of tissue pH (from which
hydrogen ion concentration is derived), tissue oxygen saturation, blood hematocrit, blood hemoglobin concentration,
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tissue oxygen partial pressure, and water fraction. Systems and methods for determining each of these parameters are
disclosed, for example, in the following U.S. Patents and Patent Applications: U.S. Patent No. 5,813,403, entitled "Optical
Measurement of Tissue pH," by Babs R. Soller et al., filed on November 8, 1995; U.S. Patent No. 6,006,119, entitled
"Non-Invasive Optical Measurement of Blood Hematocrit," by Babs R. Soller et al., filed on February 4, 1998; U.S. Patent
No. 6,766,188, entitled "Tissue Oxygen Measurement System," by Babs R. Soller, filed on October 11, 2002; and U.S.
Patent Application Publication No. US 2008/0097173, entitled "Measuring Tissue Oxygenation," by Olusola O. Soyemi
et al., filed on May 30, 2007.
[0060] In some embodiments, the measured spectra can be corrected prior to determining physiological parameters.
For example, in certain embodiments, spectra of tissue can be corrected to reduce the effects of light scattering and/or
absorption by layers of skin and/or fat that overlie the muscle tissue (e.g., skin and/or fat that is positioned between the
spectrometer system and the muscle tissue). Systems and methods for correcting spectra are disclosed, for example,
in U.S. Patent Application No. 11/411,538, entitled "Systems and Methods for Correcting Optical Reflectance Measure-
ments," by Ye Yang et al., filed on April 25, 2006, now published as U.S. Publication No. US 2007/0038041.
[0061] Physiological parameters determined from reflectance and/or absorbance measurements can be used to de-
termine other physiologically important quantities. In particular, parameters measured by the performance monitors
disclosed herein can be used to determine an anaerobic threshold and a rate of oxygen consumption in a subject such
as a human patient.
[0062] The anaerobic threshold and hydrogen ion concentration are related in tissue, because production of blood
lactate during periods of exercise changes in proportion to the local pH in the tissue. As a result, lactate concentration
in a sample tissue of a subject, which may be used to determine anaerobic threshold, can be monitored by measuring
hydrogen ion concentration in the tissue. Hydrogen ion concentration can be determined directly from pH measurements
in the tissue, where the hydrogen ion concentration [H+] is related to pH mathematically as [H+] = 10-pH. Tissue pH can
be determined from near-infrared reflectance and/or absorbance measurements, as discussed above. As a result, the
portable performance monitors disclosed herein can be used to monitor blood lactate concentration in subject tissues
from near-infrared measurements performed on the tissues.
[0063] Metabolic rate is assessed herein based on the measurement of a rate of oxygen consumption by a subject.
The rate of oxygen consumption (VO2) in tissue can be calculated as 

where Q is a cardiac output of the subject, C is a numerical constant or a numerical function, [Hb] is the hemoglobin
concentration, SaO2 and SvO2 are the values of arterial and tissue oxygen saturation corresponding to oxygen bound
to hemoglobin in the tissue, and PaO2 and PvO2 are the partial pressures of arterial and tissue oxygen that are not bound
to hemoglobin in the tissue. Typically, C has a constant value of 1.34, which corresponds to a typical volume of oxygen
(in mL) per gram of hemoglobin in tissue. In general, however, C can have other values depending upon the environmental
and measurement conditions. In some embodiments, for example, C may not even be a constant. That is, C can be a
function of various measurement conditions. For example, C can be a function that returns a value that is scaled according
to changes in a subject’s stroke volume. The cardiac output Q is equal to the product of stroke volume (SV) and heart
rate (HR). Typically, the second term in Equation (1) is small in magnitude relative to the first term, and can be neglected.
[0064] In some embodiments, near-infrared reflectance and/or absorbance measurements can be used to determine
a relative value of VO2 that is normalized by the subject’s stroke volume, VO2 (NIRS). The quantity VO2 (NIRS) is
proportional to VO2 (e.g., corresponding to a relative oxygen consumption rate) and provides a measure of oxygen
consumption rates in a subject’s tissue. Mathematically, VO2 (NIRS) can be determined from quantities derived from
near-infrared spectral measurements according to 

where HR is a heart rate of the subject, [Hb] is a hemoglobin concentration in the tissue of the subject, SaO2 is arterial
oxygen saturation, and SvO2 is tissue oxygen saturation. The quantities in Equation (2) can be measured directly or
derived from a variety of measurements including near-infrared reflectance and/or absorbance measurements and
standard pulse oximetry measurements, so that VO2 (NIRS) can be determined directly from spectroscopic measure-
ments.
[0065] For example, heart rate (HR) and arterial oxygen saturation (SaO2) can be determined using standard pulse
oximetry measurements. These measurements can be obtained using a separate commercially available finger, forehead
or ear pulse oximeter sensor (e.g., the Nellcor OxyMax™ Fast Forehead Sensor and pulse oximeter system available
from Nellcor, Pleasanton, CA) that connects to one of the auxiliary ports on the performance monitors disclosed herein.
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A pulse oximeter sensor 160 is shown schematically in FIGS. 1 and 2, connected to processor 118 through auxiliary
port 120. Alternatively, or in addition, the performance monitors disclosed herein can include appropriate sensors and
processing software to perform pulse oximetry-based measurements of HR and SaO2 directly from the collected near-
infrared spectra.
[0066] Hemoglobin concentration [Hb] can be estimated as one third of the hematocrit level determined from near-
infrared spectra; the performance monitors disclosed herein are configured to measure hematocrit level directly, as
discussed above. Alternatively, or in addition, the hemoglobin concentration can be determined directly from near-infrared
spectral measurements.
[0067] Muscle oxygen saturation (SmO2) is approximately equal to venous (e.g., tissue) oxygen saturation (SvO2), and
the performance monitors disclosed herein are configured to measure tissue oxygen saturation from reflectance and/or
absorbance measurements by directly determining muscle oxygen saturation.
[0068] In some embodiments, near-infrared spectral measurements can be used to directly determine an absolute
(e.g., rather than a relative) rate of oxygen consumption in the tissue of a subject. The absolute rate of oxygen consumption
VO2 (abs) can be estimated from the Fick equation according to 

where SV is the stroke volume, HR is the heart rate, and C(a-v)O2 is a difference between arterial (a) and venous (v)
oxygen content. The difference between arterial and venous oxygen content can be calculated according to 

where [Hb] is the hemoglobin concentration, SaO2 and SvO2 are the values of arterial and venous (e.g. tissue) oxygen
saturation corresponding to oxygen bound to hemoglobin in the tissue, and PaO2 and PvO2 are the partial pressures of
oxygen that is not bound to hemoglobin in the tissue. Typically, the second term in Equation (4) is small in magnitude
relative to the first term, and can be neglected.
[0069] Near-infrared reflectance and/or absorbance measurements can be used to estimate an absolute oxygen
consumption rate VO2 (abs) in tissue of a subject according to Equations (3) and (4) above. Each of the quantities in
Equations (3) and (4) above can be measured directly or derived from a variety of measurements including near-infrared
reflectance and/or absorbance measurements and standard pulse oximetry measurements, so that VO2 (abs) can be
determined directly from spectroscopic measurements. For example, as discussed above, heart rate (HR) and arterial
oxygen saturation (SaO2) can be determined using standard pulse oximetry measurements, using a separate commer-
cially available finger, forehead or ear pulse oximeter sensor. Alternatively, or in addition, the performance monitors
disclosed herein can include appropriate sensors and processing software to perform measurements of HR and SaO2
directly from the collected near-infrared spectral data.
[0070] Also as discussed above, hemoglobin concentration [Hb] can be estimated as one third of the hematocrit level
determined from near-infrared spectra; the performance monitors disclosed herein can be configured to measure he-
matocrit level directly, and to determine [Hb] from the hematocrit level. Alternatively, the performance monitors can be
configured to determine hemoglobin concentration directly from near-infrared spectra.
[0071] Muscle oxygen saturation (SmO2) is approximately equal to venous (e.g., tissue) oxygen saturation (SvO2) as
discussed previously, and the performance monitors can be configured to measure tissue oxygen saturation from re-
flectance and/or absorbance measurements by directly determining muscle oxygen saturation.
[0072] A variety of different methods can be used to determine stroke volume (SV). In some embodiments, for example,
stroke volume can be measured directly using equipment that interfaces with the performance monitors disclosed herein.
In certain embodiments, stroke volume can be determined from measurements of heart rate. Krip et al., Med. Sci. Sports
Exerc. 29: 1469-1476 (1997), notes that a relationship exists between stroke volume and heart rate. The performance
monitors disclosed herein can be configured to determine stroke volume (SV) based on heart rate (HR) according to
the equation 

where A, B, and D are adjustable parameters. Values of parameters A, B, and D can be determined by estimating SV
values from resting echocardiograms using the method of Krip et al., and fitting the estimated SV values to corresponding
measured HR values in a regression analysis to determine values of A, B, and D. Values of these parameters (and/or,
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in certain embodiments, the form of Equation (5)) can be adjusted to account for differences in gender among different
subjects. For example, parameters A and B can take the numerical values 0.0132 and 27.45, respectively, while parameter
D, which corresponds to stroke volume at a maximum rate of oxygen consumption, can take the value 0.154 for male
subjects and 0.096 for female subjects.
[0073] An anaerobic threshold is generally defined herein as the value of VO2 or another quantity related to exercise
intensity where the first derivative of a lactate concentration curve corresponding to lactate in the blood increases with
incrementally greater work (e.g., incrementally greater physical exertion). To determine the anaerobic threshold, meas-
ured values of a quantity that is related to lactate concentration are analyzed with a simultaneous bilinear regression
using the fitting equation 

where s1 and s2 are the slopes of the two linear segments of the bilinear fitting curve, y1 and y2 are intercepts of the two
linear segments of the bilinear fitting curve, x corresponds to a quantity related to exercise intensity such as VO2, and
x0 is the value of VO2 (or another quantity related to exercise intensity) where the first derivative of y vs. VO2 (or another
quantity related to exercise intensity) changes. The quantity y is related to lactate concentration, and typically corresponds
to measured data for the tissue of interest. For example, y can correspond to measured lactate concentration in the
blood, to measured hydrogen ion concentration in the tissue, or to a rate of carbon dioxide production in the lungs. The
value x0, which is common to both segments in the bilinear fitting equation, is also referred to as the anaerobic threshold,
and represents the point at which the rate of lactate production in the tissue exceeds the rate at which lactate is removed,
the hydrogen ion concentration begins to increase, and/or there is a significant increase in the rate of CO2 production.
Typically, the anaerobic threshold represents the highest steady-state exercise intensity that a subject can maintain for
prolonged periods (several minutes, for example).
[0074] The anaerobic threshold can also be determined using equations other than Equation (6) above to fit values
of the quantity y. In general, an anaerobic threshold can be determined using any fitting algorithm that accurately
determines value x0 from the measured values of quantity y.
[0075] The performance monitors disclosed herein can be used in a wide variety of applications due to their portability
and non-invasive nature. For example, performance monitors can be used to assess the effectiveness of athletic training
regimens, because effective regimens should increase both a subject’s anaerobic threshold and rate of oxygen con-
sumption. Performance monitors can also be used in fitness clubs to monitor individuals who are exercising, both to
assess the effective of training regimens and to ensure that the health of exercising individuals is not compromised. For
example, performance monitors can be used to help design and monitor exercise programs for overweight and obese
individuals. The effectiveness of rehabilitation regimens, as with athletic training regimens discussed above, can be
assessed via measurements of oxygen consumption rates and the anaerobic threshold provided by the performance
monitors disclosed herein. The performance of racing animals, such as horses and dogs, can also be monitored.
[0076] In addition, performance monitors can be used in restricted environments to monitor the health of subjects who
may experience adverse physical conditions. For example, performance monitors can be used to monitor the health of
firefighters in flame-retardant suits, environmental hazard workers in hazardous material suits, responders to biological
and chemical warfare events, workers in protective suits handling dangerous biological materials, and other workers
performing strenuous physical work and wearing suits that provide a closed environment that is not easily accessible to
standard health monitoring devices.
[0077] A further application of the performance monitors disclosed herein to persons working in restricted-access
environments is to astronauts wearing spacesuits. Spacesuits are complex systems of garments, equipment, and en-
vironmental systems to keep humans alive in space. When an astronaut is working on a lunar surface, for example,
he/she must have adequate oxygen, cooling water, and filters to remove CO2 from the suit over a period of hours. During
the Apollo lunar missions, a Metabolic Assessment Team of physiologists at Mission Control on earth analyzed data
reported back from suit sensors to advise astronauts on how their activities were impacting the consumable resources
within the suit. The most important parameter for this assessment was metabolic rate (e.g., rate of energy produced as
heat, in cal/min). Approximately 200 mL of oxygen are consumed for every calorie of heat produced.
[0078] Typically, metabolic rate is assessed by measuring oxygen consumption rate. However, standard methods of
measuring oxygen consumption rates - which include measurement of expired gases with a mask or mouthpiece worn
by a subject - may not be accurate, and may not be compatible with oxygen-rich, closed spacesuit environments. The
performance monitors disclosed herein can be adapted for use in closed environments such as spacesuits, and permit
continuous (or nearly-continuous), non-invasive, and relatively unobtrusive monitoring of oxygen consumption rate and
determination of metabolic rate for astronauts. Monitors for use in spacesuits can include multiple sensors to provide
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for redundancy in the event that individual sensors fail. For example, the monitors can include a sensor on each leg of
the astronaut. The monitors can also include a reflectance-based pulse oximeter as part of the sensor for performing
heart rate measurements.
[0079] Another application for the performance monitors disclosed herein is in pre-operative assessment and reha-
bilitation. Non-invasive measurements can be used to determine whether a candidate for surgery is likely to survive the
surgery based on aerobic capacity, which can be assessed from measurements of oxygen consumption rates and/or
anaerobic thresholds. For example, for elderly subjects undergoing major intra-abdominal surgery, an anaerobic thresh-
old has been shown to be a good predictor of mortality from cardiopulmonary causes in the postoperative period. Pre-
operative screening by measuring an anaerobic threshold has been shown to permit the identification of high-risk subjects
and appropriate selection of perioperative management. In particular, in one reported study, 548 subjects aged 60 or
older, having known cardiopulmonary disease, and scheduled for major intra-abdominal surgery, were assigned to one
of three management strategies (ICU, HDU, or ward) based on an anaerobic threshold and echocardiography evidence
of myocardial ischemia as determined by cardiopulmonary exercise (CPX) testing that was performed as part of pre-
surgery assessment. An overall subject mortality rate was 3.9%, from which 43% of deaths were attributed to poor
cardiopulmonary function, as detected pre-operatively based on anaerobic threshold measurements. There were no
deaths related to cardiopulmonary complications in any subject deemed fit for surgery and ward management based
on anaerobic threshold measurements. Results of the study are disclosed in Older, Paul et al., "Cardiopulmonary Exercise
Testing as a Screening Test for Perioperative Management of Major Surgery in the Elderly," Chest 116: 355-362 (1999).
Performance monitors disclosed herein can be used for pre-operative assessments of subjects, with the added advantage
that an anaerobic threshold can be measured using a sensor or sensors on a leg of a subject walking on a treadmill or
cycling. The surgical candidate is not required to wear a mask or exposed to other cumbersome measurement equipment.
[0080] Pre-operative assessment via measurements of an anaerobic threshold and/or an oxygen consumption rate
is also disclosed in the following references: Whipp, Brian J., "Physiological mechanisms dissociating pulmonary CO2
and O2 exchange dynamics during exercise in humans," Experimental Physiology, 92: 347-355 (2007); Gitt, A. et al.,
"Exercise anaerobic threshold and ventilatory efficiency identify heart failure patients for high risk of early death," Cir-
culation, 106: 3079-3084 (2002); Casaburi, R. et al., "Reductions in exercise lactic acidosis and ventilation as a result
of exercise training in patients with obstructive lung disease," Am. Rev. Respir. Dis., 143: 9-18 (1991); Older, P. et al.,
"Preoperative evaluation of cardiac failure and ischemia in elderly patients by cardiopulmonary exercise testing," Chest,
104: 701-704 (1993); and Wasserman, K. et al., Principles of Exercise Testing and Interpretation, 4th edition, Lea &
Febiger (Philadelphia, PA).
[0081] Other applications include local and/or remote monitoring of subjects. For example, the performance monitors
disclosed herein can be used to monitor subjects in a patient care facility such as a hospital or retirement home. Various
physiological parameters can be measured by monitors worn by the subjects, and electronic signals that include one or
more of the various parameters can be transmitted to a central monitoring facility. Similarly, monitors can be worn by
subjects in a hospital, and can transmit information about the subjects to another monitoring device (e.g., a device that
also monitors signals from other instruments) or to a centralized monitoring station such as a nursing station.

Processing Hardware and Software

[0082] The steps described above in connection with various methods for collecting, processing, analyzing, and in-
terpreting information from samples can be implemented in computer programs using standard programming techniques.
Such programs are designed to execute on programmable computers or specifically designed integrated circuits, each
comprising an electronic processor, a data storage system (including memory and/or storage elements), at least one
input device, and least one output device, such as a display or printer. The program code is applied to input data (e.g.,
spectral data from the detector) to perform the functions described herein and generate output information (e.g., phys-
iological parameters and quantities derived therefrom, including anaerobic threshold values and oxygen consumption
rates), which is applied to one or more output devices. Each such computer program can be implemented in a high-
level procedural or object-oriented programming language, or an assembly or machine language. Furthermore, the
language can be a compiled or interpreted language. Each such computer program can be stored on a computer or
machine readable storage medium (e.g., CD ROM or magnetic diskette) that when read by a computer or other machines
can cause the processor in the computer to perform the analysis and control functions described herein.

EXAMPLES

[0083] The disclosure is further described in the following examples, which are not intended to limit the scope of the
disclosure described in the claims.
[0084] To evaluate the ability of the performance monitors disclosed herein to measure anaerobic threshold and
oxygen consumption rates in subjects, a test study was performed on a group of ten human subjects (five males and
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five females). Each subject performed a maximal cycle ergometry protocol (exercise intensity increasing in 50 W incre-
ments every 3 minutes). Subjects stopped the test when they could no longer cycle at the required cadence. Near-
infrared spectra were collected every ten seconds from the vastus lateralis (thigh) muscle using a performance monitor
similar to the monitor shown in FIG. 3A. The spectra were corrected for variations due to skin pigmentation and overlying
fat layers.
[0085] Measurements of VO2 and carbon dioxide production during the exercise regimen were performed using a
metabolic cart (model True One 2400, obtained from Parvo Medics, Salt Lake City, UT). Heart rate measurements were
performed with a Polar heart rate monitor (available from Polar USA, Long Island, NY). During the final 30 seconds of
each stage of the regimen, a small blood sample was obtained from a fingertip of each subject for measurement of blood
lactate using an external monitor (model YSI 1500 SPORT, available from YSI Life Sciences, Yellow Springs, OH).
[0086] Values of [H+] (e.g., pH), hematocrit, and muscle oxygen saturation were determined for each subject from
near-infrared spectral measurements. The stroke volume for each subject during exercise was estimated from heart
rate measurements. From resting echocardiograms, and based on Krip et al.’s method, stroke volume values were
estimated for three of the ten subjects. The estimated stroke volume values were fitted as a function of measured heart
rate values to Equation (5), and values were determined for parameters A, B, and D. These parameter values were
modified according to subject gender; for both male and female subjects, the values of A and B were determined to be
0.0132 and 27.45, respectively. For male subjects, the value of D was determined to be 0.154, and for female subjects,
the value of D was determined to be 0.096. FIG. 15 shows a plot where estimated SV values (e.g., from echocardiograms)
are plotted against measured HR values. The solid line in FIG. 15 corresponds to the equation of best-fit that determines
parameter values A, B, and D.
[0087] Relative values of the oxygen consumption rate, VO2 (NIRS), were determined for each of the subjects according
to Equations (1) and (2), using the methods discussed above. Further, absolute values of the oxygen consumption rate,
VO2 (abs), were determined for each of the subjects according to Equations (3)-(5), using the methods discussed above.
[0088] A graph comparing measured values of blood lactate (external monitor, d) and measured values of [H+] (near-
infrared measurements using the performance monitor, j) for one test subject is shown in FIG. 5. Table 1 provides
values of the correlation coefficient, R2, between the [H+] and blood lactate measurements for nine of the test subjects.
The average R2 value for the nine subjects was 0.88.

[0089] For the same test subjects, values of VO2 measured using the metabolic cart were compared to values of VO2
(NIRS) derived from near-infrared measurements performed by the monitor. Graphs comparing measured values of
VO2 (j) and VO2 (NIRS) (d), measured as a function of time during the exercise protocol for two different subjects are
shown in FIGS. 6 and 7, respectively. The correlation between values of VO2 and VO2 (NIRS) for each of the subjects
in FIGS. 6 and 7 was relatively consistent over the 35-minute duration of the test. Note that VO2 (NIRS) was measured
in arbitrary units because the absolute value of stroke volume was not known, which accounts for the differing offsets
between the curves in FIGS. 6 and 7. Table 2 provides values of the correlation coefficient between measured values
of VO2 and VO2 (NIRS) for each of the ten subjects. The average R2 value for the ten subjects was 0.96.

Table 1

Subject R2

1 0.89

2 0.95

3 0.94

4 0.71

5 0.92

6 0.72

7 0.95

8 0.88

9 0.93

Average 0.88
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[0090] For monitoring subjects during periods of physical stress (e.g., during exercise), measurements of VO2 (NIRS)
may be sufficient. Athletic training regimens, for example, are expected to improve a subject’s maximum value of VO2
(NIRS), so that the effectiveness of the regimen can be monitored directly via measurements of VO2 (NIRS).
[0091] In some embodiments, however, the performance monitor can be configured to determine VO2 in absolute
units (e.g., liters of O2 per minute). In certain embodiments, measurements of VO2 and VO2 (NIRS) can be compared,
and a mathematical relationship (e.g., a statistical relationship) between the two different measurements can be derived
from the comparison. For example, a regression equation can be derived from measurements of VO2 and VO2 (NIRS)
(e.g., based on a correlation between the values of VO2 and VO2 (NIRS) in FIG. 6 and/or FIG. 7), so that the regression
equation permits calculation of VO2 from a measured value of VO2 (NIRS).
[0092] As discussed above, the performance monitors disclosed herein can be configured to determine absolute
oxygen consumption rates, VO2 (abs), in a subject’s tissues based on Equations (3)-(5), and VO2 (abs) was determined
for each of the ten subjects. FIGS. 16 and 17 show direct measurements of whole body VO2 and VO2 (abs) for two
different subjects, a female (FIG. 16) and a male (FIG. 17), as a function of time during the test protocol. Good agreement
was obtained between whole body VO2 and VO2 (abs) values, particularly from the start of the protocol until the anaerobic
threshold (AT) was reached, demonstrating (e.g., together with the results shows in FIGS. 6 and 7) that the methods
disclosed herein are suitable for continuous or semi-continuous monitoring of subjects. Values for both whole body VO2
and VO2 (abs) for all ten test subjects from the start of the protocol until the anaerobic threshold was reached for each
subject are shown in FIG. 18. The values are well correlated, with R2 = 0.89 and an average difference of 0.06 L/min.
between whole body VO2 and VO2 (abs).
[0093] Above the anaerobic threshold, differences between whole body VO2 and VO2 (abs) may be attributable to
differences between muscle oxygen saturation (measured by the performance monitors disclosed herein) and actual
venous oxygen saturation. For example, above the anaerobic threshold, myoglobin desaturation may represent a sig-
nificant contribution to measured muscle oxygen saturation. Differences in this example may also be a result of an
inaccurate estimation of stroke volume at high work loads.
[0094] As discussed above, the relative oxygen consumption rates, VO2 (NIRS), that are determined according to
Equations (1) and (2) correspond to VO2 normalized by the stroke volume (SV), which corresponds to the volume of
blood a subject’s heart pumps with each beat. If SV is known for a particular subject during exercise, then the relative
measurement of the subject’s oxygen consumption rate can be converted into an absolute measurement of oxygen
consumption rate. In some embodiments, for example, SV can be measured through echocardiography or via bioim-
pedance measurements. Alternatively, or in addition, SV can be estimated from correlation tables or other such reference
data that relate SV to one or more other parameters that are measured by the performance monitors disclosed herein,
or SV can be measured via an external device that interfaces with the performance monitors. SV can be dependent
upon a subject’s gender, level of fitness, and/or other attributes, and the correlations between SV and the one or more
other parameters can take account of the manner in which SV can vary according to subject.
[0095] Further, as discussed above, in some embodiments, SV can be calculated based on one or more measured
parameters such as HR. If HR (or the other parameters which are used to determine SV) are determined in real-time,
SV can also be determined in real-time. An equation such as Equation (5) can be used to calculate SV values from
measured HR data. In general, a variety of different mathematical equations can be used to determine SV from measured

Table 2

Subject R2

1 0.98

2 0.98

3 0.95

4 0.96

5 0.96

6 0.96

7 0.97

8 0.96

9 0.93

10 0.97

Average 0.96
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values of parameters such as HR.
[0096] A measurement of SV can be recorded each time VO2 (NIRS) is determined for the test subject. Further, in
certain embodiments, it may even be sufficient to determine SV less frequently than the frequency with which VO2 (NIRS)
is measured, as SV may not change significantly during periods of physical exertion. For example, as shown in FIG. 8,
SV does not always vary significantly over the course of a particular physical activity; in this example, it would not typically
be necessary to continuously determine SV for the subject to obtain accurate estimates of the absolute oxygen con-
sumption rate in the subject. Instead, measurements of SV taken at one or a small number of time points can be used
during continuous monitoring of the subject over an extended time period.
[0097] Lactate concentration values were plotted against values of VO2 determined from metabolic cart measurements
in the graph shown in FIG. 9. To determine the anaerobic threshold, lactate concentration values were analyzed with a
simultaneous bilinear regression using the fitting equation given by Equation (6): 

where y is a value of lactate concentration, s1 and s2 are the slopes of the two linear segments of the bilinear fitting
curve, y1 and y2 are intercepts of the two linear segments of the bilinear fitting curve, x corresponds to VO2, and x0 is
the value of VO2 where the first derivative of lactate concentration vs. VO2 changes. The value x0, which is common to
both segments in the bilinear fitting equation, corresponded to the anaerobic threshold, and is shown as "LAT" in FIG. 9.
[0098] The anaerobic threshold can also be determined from measurements of [H+] and/or from pH measurements
recorded via the performance monitor. Because [H+] and/or pH are/is related to the lactate concentration, the anaerobic
threshold determined via [H+] and/or pH measurements is correlated with the anaerobic threshold determined directly
via blood lactate concentration measurements. Values of [H+] are plotted against values of VO2 determined from metabolic
cart measurements in the graph shown in FIG. 10. Anaerobic threshold ("HAT" in FIG. 10) was determined by fitting the
data in FIG. 10 to Equation (6), where y corresponds to a value of [H+]. As shown in FIG. 10, the anaerobic threshold
is a value of VO2 that is common to both segments in the bilinear fitting equation, and corresponds to the oxygen
consumption rate at which the first derivative of [H+] vs. VO2 changes.
[0099] Further, the anaerobic threshold can be determined from measurements of carbon dioxide produced during
the exercise protocol. Values of the rate of carbon dioxide production (VCO2) are plotted against values of VO2 determined
from metabolic cart measurements in the graph shown in FIG. 11. Anaerobic threshold ("CAT" in FIG. 11) was determined
by fitting the data in FIG. 11 to Equation (6), where y corresponds to a value of VCO2. As shown in FIG. 11, the anaerobic
threshold is a value of VO2 that is common to both segments in the bilinear fitting equation, and corresponds to the
oxygen consumption rate at which the first derivative of VCO2 vs. VO2 changes.
[0100] Measured quantities such as lactate concentration, VCO2, and [H+] can be plotted against quantities other than
VO2 to determine anaerobic threshold. In general, lactate concentration, VCO2, and [H+] can be plotted against any
quantity which measures exercise intensity during a testing protocol, and Equation (6) or another mathematical algorithm
can be used to determine anaerobic threshold from the measured data.
[0101] As observed by comparing the anaerobic thresholds determined in FIGS. 9-11, anaerobic thresholds determined
via near-infrared measurements of [H+] are correlated with anaerobic thresholds determined directly from blood lactate
measurements and carbon dioxide production, even though the curve in FIG. 11 was not as strongly bilinear as the
curves in FIGS. 9 and 10. The anaerobic threshold determined from blood lactate measurements was 1.95 6 0.27 L/min,
the anaerobic threshold determined from VCO2 measurements was 1.64 6 0.08 L/min, and the anaerobic threshold
determined from [H+] measurements was 1.64 6 0.15 L/min. The standard error for the blood lactate measurements
was larger because fewer data points were available for each subject for anaerobic threshold determination.
[0102] The relationship between anaerobic threshold measured from blood lactate and [H+] is shown in FIG. 12 for
nine of the subjects under study. An average correlation coefficient of R2 = 0.946 was obtained. A regression line (dotted)
fitted to the data in FIG. 12 had a slope of 1.06. Typically, the value of anaerobic threshold determined from near-infrared
measurements of [H+] is lower than the value of anaerobic threshold measured directly. This is expected, because pH
measurements made via near-infrared reflectance and/or absorbance spectroscopy assess interstitial fluid [H+], which
more closely tracks hydrogen ion transport out of cells than blood lactate measurements, which average lactate con-
centrations from several sources.
[0103] The relationship between anaerobic threshold measured from carbon dioxide produced and [H+] is shown in
FIG. 13 for the ten subjects under study. An average correlation coefficient of R2 = 0.849 was obtained. A regression
line (dotted) fitted to the data in FIG. 13 had a slope of 1.17, indicating a strong positive correlation.
[0104] One advantage of determining anaerobic threshold via near-infrared spectroscopic measurements is that the
measurements can be performed continuously (or nearly-continuously) and in real-time. Typically, in standard meas-
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urements of anaerobic threshold, a subject exercises to capacity and his/her anaerobic threshold is determined afterward
based on lactate measurements from drawn blood. However, the monitors disclosed herein are capable of significantly
faster (e.g., real-time or nearly real-time) measurement of anaerobic threshold and other parameters, in comparison
with conventional devices.
[0105] In some embodiments, for example, the performance monitors disclosed herein can perform measurements
and/or determine parameter values based on spectral data at a frequency of 0.01 Hz or more (e.g., 0.05 Hz or more,
0.1 Hz or more, 0.5 Hz or more, 1 Hz or more) and/or 30 Hz or less (e.g., 20 Hz or less, 10 Hz or less, 6 Hz or less, 4
Hz or less, 2 Hz or less).
[0106] The requirement of exercise to maximum capacity increases the risk of a cardiac event in the subject. However,
by determining anaerobic threshold via the performance monitors disclosed herein, trends in hydrogen ion concentration
as a function of exercise intensity can be continually followed by monitoring changes in slope of the hydrogen ion
concentration curve. As a result, the subject only exercises at a level slightly above the anaerobic threshold to complete
the measurement; that is, there is no requirement for maximal exercise, reducing health risks for the subject and shortening
the time required for assessment. Further, hydrogen ion concentration is determined through direct measurement of the
subject’s tissue, permitting the subject to exercise at a level that corresponds to the anaerobic threshold. For purposes
of athletic training, an athlete can adjust his or her training regimen so that the athlete continues to train at or near the
hydrogen ion concentration (e.g., measured using the monitors disclosed herein) that corresponds to his or her anaerobic
threshold, which is known to be an effective training technique for endurance sports, for example.
[0107] Measurements of anaerobic threshold and oxygen consumption rates can be used together for assessment
and monitoring of subjects in some embodiments. For example, oxygen consumption rates can be measured to follow
exercise intensity of a subject undergoing an exercise protocol to determine anaerobic threshold. Anaerobic threshold
can be determined from a change in slope of the hydrogen ion concentration as a function of oxygen consumption rate
in the subject. Once a pH value and/or a hydrogen ion concentration value that corresponds to a subject’s anaerobic
threshold has been determined, the subject can be monitored during periods of physical exercise by measuring the
subject’s pH and/or hydrogen ion concentration (e.g., using the monitors disclosed herein). By maintaining an exercise
intensity that results in the subject remaining at or near his/her anaerobic threshold, the effectiveness of the exercise
can be determined. Typically, for example, athletic training regimens that keep a subject at or near his/her anaerobic
threshold during training are effective at increasing endurance and improving other performance criteria.
[0108] Alternatively, or in addition, the subject’s pH and/or hydrogen ion can be monitored before and/or after one or
more periods of physical exercise to determine an extent of physical exertion of the subject during the exercise. If the
subject’s level of physical exertion is considerable, the monitored values of pH and/or hydrogen ion concentration before
and after exercise may differ significantly, indicating that the subject is closer (e.g., significantly closer) to his/her anaerobic
threshold following the exercise. If the level of exertion is relatively minor, then only small changes in pH and/or hydrogen
ion concentration may be observed, indicating that the subject is not near his/her anaerobic threshold.

OTHER EMBODIMENTS

[0109] It is to be understood that the foregoing description is intended to illustrate and not limit the scope of the
disclosure, which is defined by the scope of the appended claims. Other aspects, advantages, and modifications are
within the scope of the following claims.

Claims

1. A method of determining an anaerobic threshold and an oxygen consumption rate of a human or animal subject,
the method comprising:

exposing a tissue of the subject to illumination radiation;
collecting emitted radiation from the tissue, by means of a spectrometer (114) the emitted radiation comprising
a portion of the illumination radiation reflected or transmitted from the tissue;
processing the emitted radiation by means of the spectrometer (114) to form spectra of the tissue; and
determining, by means of an electronic processor (118), based on the spectra of the tissue, the anaerobic
threshold, and the oxygen consumption rate of the subject,
wherein determining the anaerobic threshold is based on a plurality of pH values of the tissue determined at
least twice during a period of physical exercise, wherein the pH values are determined at a frequency of 0.1 Hz
or more, wherein each of the plurality of pH values is obtained by measuring a spectrum of the tissue and
determining a pH value from the spectrum, wherein determining the anaerobic threshold based on the plurality
of pH values comprises
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determining a plurality of hydrogen ion concentration values of the tissue from the plurality of pH values,
fitting more than one of the plurality of hydrogen ion concentration values to a mathematical equation to
determine parameters of the equation, and
determining the anaerobic threshold from the mathematical equation, characterised in that the mathe-
matical equation is of the form 

where x is the rate of oxygen consumption, x0 is an adjustable parameter that corresponds to the anaerobic
threshold, y is the hydrogen ion concentration, and y1, y2, s1, and s2 are adjustable parameters; and
wherein the method further comprises determining the heart rate of the subject, the arterial oxygen saturation
of the subject, the tissue oxygen saturation in the tissue and the hemoglobin concentration in the tissue based
on the spectra of the tissue, and
wherein determining the rate of oxygen consumption based on the spectra of the tissue comprises
determining a first difference between arterial oxygen saturation and tissue oxygen saturation in the tissue,
determining a difference between arterial and venous oxygen content using the hemoglobin concentration and
the first difference,
and
determining a stroke volume of the subject based on the heart rate of the subject, wherein the stroke volume
is determined less frequently than the rate of oxygen consumption is determined.

2. The method of claim 1, wherein determining the anaerobic threshold comprises determining a pH value or a hydrogen
ion concentration value of the tissue that corresponds to the anaerobic threshold, the method further comprising
determining a first pH value or a first hydrogen ion concentration value in the subject prior to a period of physical
exercise, and
determining a second pH value or a second hydrogen ion concentration value in the subject following the period of
physical exercise.

3. The method of claim 1, wherein determining the hemoglobin concentration comprises:

determining a hematocrit level in the tissue based on the spectrum of the tissue; and
determining the hemoglobin concentration in the tissue based on the hematocrit level.

4. The method of claim 1, wherein the rate of oxygen consumption in the tissue is determined according to 

where VO2 is the rate of oxygen consumption in the tissue, SV is a stroke volume of the subject. HR is a heart rate
of the subject, and C(a-b)O2 is the difference between arterial and venous oxygen content in the tissue.

5. An apparatus, comprising:

a spectrometer (114) configured to detect light emitted from a tissue of a human or animal subject, and to
determine a spectrum of the tissue from the detected light; and
an electronic processor (118) coupled to the spectrometer and configured to determine, based on the spectrum
of the tissue, an oxygen consumption rate and an anaerobic threshold of the subject according to the method
of any one of claims 1 to 4.

6. The apparatus of claim 5, wherein the spectrometer comprises:

at least one light source (104);
one or more incident light ports configured to transmit light from the at least one light source to the tissue; and
one or more light receiving ports configured to transmit light from the tissue to a detector, wherein the one or

·
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more incident light ports and the one or more light receiving ports are enclosed in a housing (183) that comprises
an attachment mechanism (184) for attaching the housing to a portion of a subject’s body;
wherein the one or more incident light ports comprise a first light port positioned at a first distance from a light
receiving port and a second light port positioned at a second distance, shorter than the first distance, from the
light receiving port; and
wherein the electronic processor is configured to correct spectral data derived from light from the first light port
with spectral data derived from light from the second light port.

7. The apparatus of claim 5, further comprising a communication interface (202) in electrical communication with the
electronic processor, the communication interface being configured to transmit signals comprising information about
the subject from the electronic processor to a device over at least one of a communication link and a network.

Patentansprüche

1. Verfahren zum Bestimmen der anaeroben Schwelle und der Sauerstoffverbrauchrate eines menschlichen Subjekts
oder Tiersubjekts, wobei das Verfahren umfasst:

Exponieren eines Gewebes des Subjekts gegenüber Beleuchtungsstrahlung;
Erfassen von emittierter Strahlung von dem Gewebe mithilfe eines Spektrometers (114), wobei die emittierte
Strahlung einen Teil der von dem Gewebe reflektierten oder durchgelassenen Beleuchtungsstrahlung umfasst;
Verarbeiten der emittierten Strahlung mithilfe des Spektrometers (114), um Spektren des Gewebes zu bilden;
und
mithilfe eines elektronischen Prozessors (118) Bestimmen der anaeroben Schwelle und der Sauerstoffver-
brauchrate des Subjekts auf der Grundlage der Spektren des Gewebes,
wobei das Bestimmen der anaeroben Schwelle auf der Grundlage einer Vielzahl von pH-Werten des Gewebes
steht, die wenigstens zweimal während eines Zeitraums mit körperlicher Betätigung bestimmt wurden, wobei
die pH-Werte mit einer Frequenz von 0,1 Hz oder mehr bestimmt werden, wobei jeder aus der Vielzahl von pH-
Werten durch Messen eines Spektrums des Gewebes und Bestimmen eines pH-Werts aus dem Spektrum
erhalten wird, wobei das Bestimmen der anaeroben Schwelle auf der Grundlage der Vielzahl von pH-Werten
umfasst:

Bestimmen einer Vielzahl von Wasserstoffionenkonzentrationswerten des Gewebes aus der Vielzahl von
pH-Werten,
Anpassen von mehr als einem aus der Vielzahl von Wasserstoffionenkonzentrationswerten an eine ma-
thematische Gleichung, um Parameter der Gleichung zu bestimmen, und
Bestimmen der anaeroben Schwelle aus der mathematischen Gleichung, dadurch gekennzeichnet, dass
die mathematische Gleichung von der Form 

ist, wobei x die Sauerstoffverbrauchsrate ist, x0 ein einstellbarer Parameter ist, der der anaeroben Schwelle
entspricht, y die Wasserstoffionenkonzentration ist und y1, y2, s1 und s2 einstellbare Parameter sind; und
wobei das Verfahren ferner Bestimmen der Herzfrequenz des Subjekts, der arteriellen Sauerstoffsättigung
des Subjekts, der Gewebesauerstoffsättigung in dem Gewebe und der Hämoglobinkonzentration in dem
Gewebe auf der Grundlage der Spektren des Gewebes umfasst und
wobei das Bestimmen der Sauerstoffverbrauchsrate auf der Grundlage der Spektren des Gewebes umfasst:

Bestimmen eines ersten Unterschieds zwischen der arteriellen Sauerstoffsättigung und der Gewe-
besauerstoffsättigung in dem Gewebe, Bestimmen eines Unterschieds zwischen arteriellem und ve-
nösem Sauerstoffgehalt unter Verwendung der Hämoglobinkonzentration und des ersten Unterschieds,
und Bestimmen eines Schlagvolumens des Subjekts auf der Grundlage der Herzfrequenz des Subjekts,
wobei das Schlagvolumen weniger häufig bestimmt wird als die Sauerstoffverbrauchsrate bestimmt
wird.
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2. Verfahren gemäß Anspruch 1, wobei das Bestimmen der anaeroben Schwelle das Bestimmen des pH-Werts oder
eines Wasserstoffionenkonzentrationswerts des Gewebes umfasst, der der anaeroben Schwelle entspricht, wobei
das Verfahren ferner umfasst:

Bestimmen eines ersten pH-Werts oder eines ersten Wasserstoffionenkonzentrationswerts in dem Subjekt vor
einem Zeitraum mit körperlicher Betätigung und
Bestimmen eines zweiten pH-Werts oder eines zweiten Wasserstoffionenkonzentrationswerts in dem Subjekt
nach dem Zeitraum mit körperlicher Betätigung.

3. Verfahren gemäß Anspruch 1, wobei das Bestimmen der Hämoglobinkonzentration umfasst:

Bestimmen des Hämatokritspiegels in dem Gewebe auf der Grundlage des Spektrums des Gewebes; und
Bestimmen der Hämoglobinkonzentration in dem Gewebe auf der Grundlage des Hämatokritspiegels.

4. Verfahren gemäß Anspruch 1, wobei die Sauerstoffverbrauchsrate in dem Gewebe gemäß 

bestimmt wird, wobei VO2, die Sauerstoffverbrauchsrate in dem Gewebe ist, SV das Schlagvolumen des Subjekts
ist, HR die Herzfrequenz des Subjekts ist und C(a-b)O2 der Unterschied zwischen dem arteriellen und dem venösen
Sauerstoffgehalt in dem Gewebe ist.

5. Vorrichtung, umfassend:

ein Spektrometer (114), das dafür gestaltet ist, Licht zu erfassen, das von einem Gewebe eines menschlichen
Subjekts oder Tiersubjekts emittiert wird, und ein Spektrum des Gewebes aus dem nachgewiesenen Licht zu
bestimmen; und
einen elektronischen Prozessor (118), der an das Spektrometer gekoppelt ist und dafür gestaltet ist, auf der
Grundlage des Spektrums des Gewebes eine Sauerstoffverbrauchsrate und eine anaerobe Schwelle des Sub-
jekts gemäß dem Verfahren gemäß einem der Ansprüche 1 bis 4 zu bestimmen.

6. Vorrichtung gemäß Anspruch 5, wobei das Spektrometer umfasst:

wenigstens eine Lichtquelle (104);
eine oder mehrere Öffnungen für einfallendes Licht, die dafür gestaltet sind, Licht von der wenigstens einen
Lichtquelle zu dem Gewebe durchzulassen; und
eine oder mehrere Öffnungen zur Lichtaufnahme, die dafür gestaltet sind, Licht von dem Gewebe zu einem
Detektor durchzulassen, wobei die eine oder mehreren Öffnungen für einfallendes Licht und die eine oder
mehreren Öffnungen zur Lichtaufnahme in einem Gehäuse (183) angeordnet sind, das einen Befestigungsme-
chanismus (184) zum Befestigen des Gehäuses an einem Teil des Körpers eines Subjekts umfasst;
wobei die eine oder mehreren Öffnungen für einfallendes Licht eine erste Lichtöffnung, die mit einem ersten
Abstand von einer Öffnung zur Lichtaufnahme angeordnet ist, und eine zweite Lichtöffnung, die mit einem
zweiten Abstand, der kleiner als der erste Abstand ist, von der Öffnung zur Lichtaufnahme angeordnet ist,
umfassen; und
wobei der elektronische Prozessor dafür gestaltet ist, spektrale Daten, die von Licht aus der ersten Lichtöffnung
stammen, mit spektralen Daten, die von Licht aus der zweiten Lichtöffnung stammen, zu korrigieren.

7. Vorrichtung gemäß Anspruch 5, ferner umfassend eine Kommunikationsschnittstelle (202) in elektrischer Kommu-
nikation mit dem elektronischen Prozessor, wobei die Kommunikationsschnittstelle dafür gestaltet ist, Signale, die
Informationen über das Subjekt umfassen, über wenigstens eines von einer Kommunikationsverbindung und einem
Netzwerk von dem elektronischen Prozessor zu einer Vorrichtung zu übertragen.

Revendications

1. Procédé de détermination d’un seuil anaérobie et d’un taux de consommation d’oxygène d’un sujet humain ou
animal, le procédé comprenant :

·
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l’exposition d’un tissu du sujet à un rayonnement d’éclairage ;
la collecte d’un rayonnement émis depuis le tissu au moyen d’un spectromètre (114), le rayonnement émis
comprenant une partie du rayonnement d’éclairage réfléchie ou transmise depuis le tissu ;
le traitement du rayonnement émis au moyen du spectromètre (114) pour former des spectres du tissu ; et
la détermination, au moyen d’un processeur électronique (118), sur la base des spectres du tissu, du seuil
anaérobie et du taux de consommation d’oxygène du sujet,
la détermination du seuil anaérobie étant basée sur une pluralité de valeurs de pH du tissu déterminées au
moins deux fois pendant une période d’exercice physique, les valeurs de pH étant déterminées à une fréquence
de 0,1 Hz ou plus, chacune de la pluralité de valeurs de pH étant obtenue en mesurant un spectre du tissu et
en déterminant une valeur de pH à partir du spectre, la détermination du seuil anaérobie sur la base de la
pluralité de valeurs de pH comprenant

la détermination d’une pluralité de valeurs de concentration d’ions hydrogène du tissu à partir de la pluralité
de valeurs de pH,
le lissage de plusieurs de la pluralité de valeurs de concentration d’ions hydrogène par une équation
mathématique pour déterminer des paramètres de l’équation, et
la détermination du seuil anaérobie à partir de l’équation mathématique,

caractérisé en ce que l’équation mathématique est de la forme 

où x est le taux de consommation d’oxygène, x0 est un paramètre ajustable qui correspond au seuil anaérobie,
y est la concentration d’ions hydrogène, et y1, y2, s1 et s2 sont des paramètres ajustables ; et
le procédé comprenant en outre la détermination de la fréquence cardiaque du sujet, de la saturation artérielle
en oxygène du sujet, de la saturation tissulaire en oxygène dans le tissu et de la concentration d’hémoglobine
dans le tissu sur la base des spectres du tissu, et
la détermination du taux de consommation d’oxygène sur la base des spectres du tissu comprenant

la détermination d’une première différence entre saturation artérielle en oxygène et saturation tissulaire en
oxygène dans le tissu,
la détermination d’une différence entre teneurs en oxygène artériel et veineux au moyen de la concentration
d’hémoglobine et de la première différence, et
la détermination d’un volume systolique du sujet sur la base de la fréquence cardiaque du sujet, le volume
systolique étant déterminé moins fréquemment que ne l’est le taux de consommation d’oxygène.

2. Procédé de la revendication 1, dans lequel la détermination du seuil anaérobie comprend la détermination d’une
valeur de pH ou d’une valeur de concentration d’ions hydrogène du tissu qui correspond au seuil anaérobie, le
procédé comprenant en outre
la détermination d’une première valeur de pH ou d’une première valeur de concentration d’ions hydrogène dans le
sujet avant une période d’exercice physique, et
la détermination d’une deuxième valeur de pH ou d’une deuxième valeur de concentration d’ions hydrogène dans
le sujet après la période d’exercice physique.

3. Procédé de la revendication 1, dans lequel la détermination de la concentration d’hémoglobine comprend :

la détermination d’un niveau d’hématocrite dans le tissu sur la base du spectre du tissu ; et
la détermination de la concentration d’hémoglobine dans le tissu sur la base du niveau d’hématocrite.

4. Procédé de la revendication 1, dans lequel le taux de consommation d’oxygène dans le tissu est déterminé selon 

où VO2, est le taux de consommation d’oxygène dans le tissu, SV est un volume systolique du sujet, HR est une
fréquence cardiaque du sujet, et C(a-b)O2 est la différence entre teneurs en oxygène artériel et veineux dans le tissu.
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5. Appareil, comprenant :

un spectromètre (114) configuré pour détecter la lumière émise depuis un tissu d’un sujet humain ou animal,
et pour déterminer un spectre du tissu à partir de la lumière détectée ; et
un processeur électronique (118) couplé au spectromètre et configuré pour déterminer, sur la base du spectre
du tissu, un taux de consommation d’oxygène et un seuil anaérobie du sujet selon le procédé de l’une quelconque
des revendications 1 à 4.

6. Appareil de la revendication 5, dans lequel le spectromètre comprend :

au moins une source de lumière (104) ;
un ou plusieurs ports de lumière incidente configurés pour transmettre la lumière provenant de l’au moins une
source de lumière jusqu’au tissu ; et
un ou plusieurs ports de réception de lumière configurés pour transmettre la lumière provenant du tissu jusqu’à
un détecteur, le ou les ports de lumière incidente et le ou les ports de réception de lumière étant incorporés
dans un boîtier (183) qui comprend un mécanisme de fixation (184) destiné à fixer le boîtier à une partie du
corps d’un sujet ;
dans lequel le ou les ports de lumière incidente comprennent un premier port de lumière positionné à une
première distance d’un port de réception de lumière et un deuxième port de lumière positionné à une deuxième
distance, plus courte que la première distance, du port de réception de lumière ; et
dans lequel le processeur électronique est configuré pour corriger des données spectrales dérivées de la lumière
provenant du premier port de lumière avec des données spectrales dérivées de la lumière provenant du deuxième
port de lumière.

7. Appareil de la revendication 5, comprenant en outre une interface de communication (202) en communication
électrique avec le processeur électronique, l’interface de communication étant configurée pour transmettre des
signaux comprenant des informations sur le sujet du processeur électronique à un dispositif sur une liaison de
communication et/ou un réseau.
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