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MULTI-MODAL DEPTH-RESOLVED TISSUE
STATUS MONITOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority to
U.S. Provisional Patent Application Ser. No. 61/780,201,
filed 13 Mar. 2013, which is hereby incorporated herein by
reference in its entirety.

BACKGROUND

[0002] The properties inside a human tissue as well as how
those properties vary over time can include information of
great importance to a healthcare provider. For example, the
concentration of hemoglobin, oxygenated or nonoxygenated,
blood flow velocity, body temperature, and even change in
size of the tissue, can all be relevant to a doctor’s understand-
ing of how a wound is healing. In some cases, the tissue of
interest may not be easily accessible, as a tissue that is under
a cast or beneath a bandage, or may be beneath a layer of skin
that makes it difficult to evaluate the tissue visually or in a
non-invasive manner. Improved systems and methods for
evaluating and monitoring tissues are needed.

SUMMARY

[0003] Systems and methods for monitoring a condition of
a tissue are disclosed.

[0004] Some embodiments can described as follows:
[0005] A system for monitoring tissue at a plurality of
depths can include a sensor strip, a data acquisition module
and analysis software. The sensor strip can have a first side
including a first photodetector element and a plurality of
light-emitting elements, wherein the plurality of light-emit-
ting elements are disposed in a predetermined configuration
relative to the photodetector element. The data acquisition
module can be capable of being coupled to the sensor strip,
wherein the data acquisition module is configured to control
the sensor strip and store signals received from the light-
emitting elements. The analysis software can analyze and/or
display the received signals. The system can be adapted to be
placed on the surface of a patient’s skin, e.g., under a cast,
splint, or dressing. The sensor strip can be adapted to be
placed over an area of a patient’s body, e.g., that has suffered
trauma.

[0006] In some embodiments, such systems can also
include an analog-to-digital converter (ADC), wherein the
system differentiates signals received from the light-emitting
elements by using the ADC in conjunction with a first pho-
todetector element, and activating only a subset (e.g., one) of
the plurality of light-emitting elements at any single point in
time.

[0007] In some embodiments, such systems can include
processing circuitry configured to modulate and demodulate
light emitted by the plurality of light-emitting elements.
[0008] In some embodiments, the data acquisition module
can include a sensor strip control unit configured to control
the plurality of light-emitting elements and the first photode-
tector element. The sensor strip control unit can be configured
to generate a modulation sequence for each of the plurality of
light-emitting elements that can be differentiated from the
modulation sequence for each of the other light-emitting ele-
ments activated simultaneously with that light-emitting ele-
ment.
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[0009] Insomeembodiments, a first photodetector element
can be configured to detect only a specific wavelength that
matches a wavelength of one or more of the plurality of
light-emitting elements. In some such systems, all of the
light-emitting elements emit substantially the same wave-
length of light, or emit light across substantially the same
range of wavelengths, or across overlapping ranges of wave-
lengths. In some such systems each of the plurality of light-
emitting elements emits a different wavelength of light, or
emits different ranges of wavelengths, in some cases, non-
overlapping ranges of wavelengths. In some such systems,
the light-emitting elements can emit ultraviolet, visible, and/
or near-infrared light. Any, some or all of the light emitting
elements can be, for example, a light-emitting diode (LED),
including a constant current LED.

[0010] In some embodiments, such a system can include
two or more photodetector elements.

[0011] Insomeembodiments, a wavelength of light emitted
by the light-emitting element(s) and detectable by the photo-
detector(s) can be selected to detect a chromophore of interest
to be found in tissue to be monitored. Not all the photodetec-
tors need be capable of detecting light selected to detect the
chromophore of interest.

[0012] In some embodiments one or more photodetectors
can be a photodiode or a phototransistor.

[0013] Insomeembodiments, a sensor strip can include an
ultrasound transducer and/or an ultrasound acquisition unit.
Such a sensor strip can include a plurality of ultrasound
transducers, e.g., wherein each of the plurality of ultrasound
transducers emits a different frequency.

[0014] In some embodiments, a first side of the sensor strip
can include at least one of electrical traces, electrical compo-
nents, pressure sensors, and stretch sensors. The sensor strip
can also or alternatively include an accelerometer, gyroscope,
and temperature sensor. The sensor strip can also include one
or more of analog signal processing circuitry, signal filtering
circuitry, sensor-driving circuitry, analog-to-digital conver-
sion circuitry, power supply circuitry, digital data processing
circuitry, and data communication unit. The first side of the
sensor strip can include a connector for the data acquisition
module.

[0015] Insome embodiments, the sensor strip can include a
flexible substrate, optionally with a biocompatible adhesive.
Such films include polyimide films or other similar flexible
materials.

[0016] In some embodiments, a data acquisition module
can include signal-processing circuitry and communication
modules. The data acquisition module can be configured by
the analysis software. The data acquisition module can
include a printed circuit board, battery pack, and/or an enclo-
sure. Such a printed circuit board can include at least one of
power supply circuitry, a data communication unit, a wireless
module, sensor strip control circuitry, a user interface control
unit, and a power on/off control. Such a printed circuit board
can include at least one of a data-processing unit, an algo-
rithm for data processing and analysis, embedded control
software, and/or a memory unit. Such a printed circuit board
can include a connector for the sensor strip allowing the
sensor strip to be operably connected to the data acquisition
module. Such a printed circuit board can include at least one
of a visual status indicator, a visual alarm indicator, and an
audio alarm indicator. Such a printed circuit board can
include a connector for a battery charger and wired commu-
nication.
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[0017] Insome embodiments, analysis software is adapted
to: view, download, store, and analyze data from the data
acquisition module; or create and upload, into the data acqui-
sition module, a data acquisition configuration file specific to
a patient. Such a configuration file can include, for example,
a patient number, a length of a recording session, alarm
threshold levels, and communication parameters.

[0018] In some embodiments, a method of monitoring a
patient can include 1) positioning the first side of a sensor
strip of a system of any preceding claim adjacent to a tissue of
a patient; 2) activating one or more light-emitting elements;
3) detecting light emitted by the activated elements to genet-
ate one or more signals representative of'a characteristic of the
tissue; and 4) processing the signals to determine the charac-
teristic of the tissue. The characteristic of the tissue can
include one or more of: oxygenation state, levels of oxygen-
ated and/or deoxygenated hemoglobin, ratio of oxygenated:
deoxygenated hemoglobin, total hemoglobin level, carboxy-
hemoglobin level, tissue saturation, cardiovascular pulse,
hypovolemic/hypervolemic states, muscle intracompartmen-
tal pressure, temperature, blood flow velocity, and change in
size of tissue under observation.

[0019] Insomeembodiments, a calibration pad can be used
for calibrating a sensor strip. The sensor strip can have a first
side including a photodetector element and a plurality of
light-emitting elements. The calibration pad can include a test
pattern within the calibration pad or on an exterior surface of
the calibration pad, wherein the test pattern can be detected by
one or more wavelengths of light. The test pattern can detect-
able by positioning the sensor strip adjacent to a surface of the
calibration pad, activating one or more of the light-emitting
elements, detecting light emitted by the activated elements to
generate one or more signals representative of a characteristic
of the test pattern, and processing the signals to determine the
characteristic of the test pattern. Such calibration pads can be
used to determine the positions of the light-emitting elements
on the sensor strip relative to the photodetector by processing
light emitted from the light-emitting elements, the light hav-
ing interacted with the test pattern before being received by
the photodetector element while the sensor strip is in photo-
communication with the calibration pad.

[0020] Insome embodiments, such calibration pads can be
part of a kit including the calibration pad with a sensor strip,
a data acquisition module and analysis software as described
above.

[0021] In some embodiments, such a kit can be used for
calibration by 1) positioning the first side of the sensor strip
adjacent to and in photocommunication with a surface of the
calibration pad, 2) activating one or more of the light-emitting
elements, 3) detecting, with the first photodetector element,
light emitted by the activated one or more light-emitting
elements and reflected, refracted, or diffracted by the test
pattern, thereby generating one or more signals representative
of a characteristic of the test pattern, 4) storing a representa-
tion of the signals in the data acquisition module, and 5) by
operation of the analysis software, comparing the stored rep-
resentations to a template, thereby determining one or more
response characteristics of the sensor strip. In some such
methods, comparing the stored representations to a template
can include fitting the stored representations to predeter-
mined signals representative of the test pattern, thereby deter-
mining the relative locations of the activated one or more
light-emitting elements and the first photodetector.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 schematically shows potential paths taken by
light propagating through tissue.

[0023] FIG. 2 schematically shows the locations of various
components on a particular sensor strip having a single pho-
todetector.

[0024] FIG. 3 schematically shows the locations of various
components on a particular sensor strip having two photode-
tectors.

[0025] FIG. 4 schematically shows the locations of various
components on a particular sensor strip having a single pho-
todetector.

[0026] FIG. 5 schematically shows various parts that can
make up a data acquisition module.

[0027] FIG. 6 is a photograph of a particular sensor strip
and data acquisition module.

[0028] FIG. 7 is a photograph of another particular data
acquisition module.

[0029] FIG. 8 is a schematic block diagram of a near-infra-
red spectroscopy (NIRS) system.

DETAILED DESCRIPTION

[0030] Based on the scattering and anisotropy characteris-
tics of tissue, tissue sampling depth is defined by the photon-
path-distribution function for photons migrating from a
source to a detector on the surface of the skin. Using the
assumption that tissue is homogenously scattering medium,
the spatial photon distribution function has a banana-like
shape. If one considers weak absorption within the tissue,
then the banana-like shape of the photon propagation in tissue
is approximated by the equation

1

2= \/ (V@ =02 322002 8 -2}

which describes a curve of the most probable direction of
photon migration. From FIG. 1 itis evident that the maximum
sampled tissue depth, z,, ., occurs approximately at the mid-
point between a light source (e.g., LED1, LED2, LED3) and
a light detector (e.g., photodetector PD). Light-emitting
diodes LED1, LED2, and LED3 shown in FIG. 1 may or may
not be of the same wavelength. Different surface positions of
light-emitting elements such as LED1, LED2, and LED3 with
respect to a photodetector element affect sampling from dif-
ferent tissue depths.

[0031] The distance between a light source and a light
detector may be referred to as the inter-optode distance.
Therefore, setting the surface position x at the middle of an
inter-optode distance, r,, yields the value of the approximate
maximum sampled tissue depth z,_, with respect tor_ ;:

max?
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where 7 is tissue depth, r,, is inter-optode distance, and x is
surface position.

[0032] The present disclosure encompasses a portable, bat-
tery-operated, non-invasive, multi-modal, depth-resolved,
tissue status monitor. A description of functional testing of an
embodiment of such a monitor may be found in the Exempli-
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fication section below. Such monitors may include a multi-
channel low-power depth-resolved near infrared spectros-
copy module, ultrasound module, pressure sensors,
temperature sensor, and stretch sensors. These physiological
sensors, individually or in various different combinations, are
used to obtain depth-resolved information about the tissue
health status. Some of the information that may be acquired
from the patient to determine tissue health status include, but
are not limited to: Oxygenated and deoxygenated hemoglo-
bin concentrations, total hemoglobin, carboxyhemoglobin,
tissue saturation, photoplethysmography, onsets of hypo- and
hypervolemia states, muscle intracompartmental pressure,
body temperature, blood flow velocity, and change in size of
tissue under observation.

[0033] Some systems and methods of the present disclosure
may be used to acquire and analyze signals representative of
a physiological quantity, and to inform the clinician about the
health status of tissues under observation. In some embodi-
ments, a device is designed for use on the surface of the skin
and placed under a cast or splint at the time of surgery to
monitor tissue viability. In some embodiments, a patch, such
as a lightweight and/or adhesive patch, is placed over an area
that has suffered trauma and the patch provides real-time
physiologic monitoring data of the affected area and can be
used as an acute compartment syndrome detector or tissue
flap monitor. Some of the other examples where systems and
methods of the present disclosure may be used include, but
are not limited to: monitoring of tissue after vascular surgery;
monitoring of lower or upper limb tissue viability during
prolonged surgeries; or monitoring of skin flaps after mastec-
tomy.

[0034] Certain monitors of the present disclosure allow the
clinician to obtain depth-resolved information. This is useful,
for example, in cases where tissue is very thin or consists of
multiple layers. This monitor can be set to allow differentia-
tion of signals from different layers. Technology described
herein is also capable of including a variety of other sensor
modalities to complement this information.

[0035] In some embodiments, a monitor consists of three
main components: (1) a sensor strip to be placed on patient
skin, the strip containing physiological and other sensors; (2)
a data acquisition module, which contains signal processing
circuitry as well as storage and communication modules; and
(3) analysis software, which can be used to analyze signals
collected from the sensor strip, to view and analyze patient
data, and to configure the data acquisition module for differ-
ent recording sessions.

[0036] The sensor strip can include a flexible substrate (e.g.
polyimide film or similar material) with biocompatible adhe-
sive on bottom side (toward patient skin) and electrical com-
ponents, sensors, and electrical traces on the opposite side. In
some embodiments the sensor strip will contain multiple
pressure sensors, light sources (e.g., light-emitting diodes,
LED:s), stretch sensors, and one or more photodetectors (e.g.,
photo diode, photo transistor). FIG. 2 schematically shows a
sensor strip with a single photodetector (PD). In various
embodiments, single or plural numbers of PDs may be used in
different geometric configurations to obtain depth-resolved
NIRS information from underlying tissues. Any photodetec-
tor capable of detecting the emitted light as it emerges from
the tissue can be used. The number of photodetectors and light
sources can depend on the clinical application. Examples of
different geometric configurations are shown in FIGS. 2-4.
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[0037] Depth-resolved information may be obtained either
using a single photodetector element and multiple light-emit-
ting elements, or with multiple photodetector elements.
Embodiments having only a single photodetector typically
make use of one or more methods of discriminating between
the signals associated with different light-emitting elements.
The following are examples of how to effect such discrimi-
nation. While some of the following methods apply only to
single photodetector embodiments or multiple photodetector
embodiments, other methods apply to both.

[0038] (1) Only a single light-emitting element is turned
‘ON’ (i.e., emits light) at a single point in time. It may be
desirable to convert an analog signal acquired by the
photodetector element into a digital signal to facilitate a
determination of which light-emitting element corre-
sponds to the acquired signal. Thus, the photodetector
element may be used in conjunction with an analog-to-
digital converter (ADC). Analog circuitry may be used
to process the analog signal acquired by the photodetec-
tor element, and the ADC may digitize the analog signal
into digital data for further analysis to determine which
light-emitting element was ‘ON’ at which time. A sensor
strip control unit may be responsible for both emitter and
photodetector/ADC control.

[0039] (2)Light from the emitters may be modulated and
then demodulated by processing circuitry. In this case,
each light-emitting element would have its own unique
modulation sequence generated by a sensor strip control
unit.

[0040] (3)Each photodetector element may detect only a
specific wavelength that matches a specific emitter
wavelength, or a single photodetector element may
detect multiple wavelengths and distinguish each source
light-emitting element based on the wavelength of the
received signal.

[0041] (4) Any combination of the above techniques
(e.g., turning on a subset of the light-emitting elements,
each of the light-emitting elements having a unique
modulation sequence relative to the other light-emitting
elements activated at the same time; activating subsets of
light-emitting elements such that each of the simulta-
neously-activated light-emitting elements emits a differ-
ent wavelength; having the some light-emitting ele-
ments emit signals of the same wavelength, but using
different modulation sequences for different emitters
that are operating at the same wavelength; efc.).

[0042] Light-emitting elements may be selected based on
the clinical application of the monitor. For example, emitters
having a particular output (e.g., emitted wavelength), or sev-
eral emitters collectively having a range of wavelengths, may
be selected depending on the specific chromophore of interest
that is to be investigated. The selection of light-emitting ele-
ments may guide the selection of an appropriate photodetec-
tor element or elements. A photodetector element may be
selected that best matches the output of the emitters (e.g., a
detector that detects a particular wavelength or range of wave-
lengths), or that best matches only a subset of the emitters. A
wide variety of light emitting elements is known in the art,
and any appropriate light emitter may be used.

[0043] Insome embodiments, the sensor strip may include
two or more photodetector elements. Multiple emitters and
one or more detectors may be used in different configurations
depending on the clinical application of the monitor. As
explained above, the farther a photodetector is from the light
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emitting element whose light is being detected, the deeper the
maximum tissue depth being probed. By arranging photode-
tectors and light emitting elements around the sensor, a vari-
ety of depths can be probed at a variety of different locations
beneath the surface, allowing the user to build three-dimen-
sional information on the nature of the tissue beneath the
sensor strip. Many different configurations of light emitters
and photodetectors may be useful in different contexts, for
example, detectors and emitters could be arranged to probe
only a narrow range of depths by over a large area if the tissue
to be investigated a relatively shallow, flap-type incision or
wound. Or if the tissue is known to include a deep, generally
vertical incision or wound, i.e., a cut that is along a plane
perpendicular to the exterior surface of the tissue, a sensor
strip with emitters and detectors arranged so as to probe a
larger variety of depths along a single plane might be prefer-
able.

[0044] In some embodiments, the sensor strip may include
oneormore ultrasound transducers. For certain clinical appli-
cations, a single ultrasound transducer may be sufficient.
Multiple ultrasound transducers, however, may provide better
depth-resolved information compared to a single transducer.
For example, each transducer may emit a different frequency
in order to preferentially obtain information from different
depths of tissue (e.g., higher frequency transducers have
shorter penetration depth but better resolution and vice
versa). The information from the ultrasound transducer(s)
may be used to complement information obtained from light-
emitting elements, or may be processed as a stand-alone
modality. The ultrasound information is not necessary for
operation of the light-emitting elements. The ultrasound
transducer module(s) are an optional part of the sensor strip
depending on the clinical application of the device.

[0045] Additionally, the sensor strip may include a single or
plural number of accelerometers, gyroscopes, and tempera-
ture sensors, for example as solid state devices such as
MEMS. Furthermore, the sensor strip may contain analog
signal processing circuitry, signal filtering circuitry, sensor
driving circuitry, analog-to-digital conversion circuitry,
power supply circuitry, ultrasound acquisition unit, digital
data processing circuitry, data communication unit, and con-
nector for being operably connected to a data acquisition
module. The sensors and electrical components may be
placed in any number of geometric combinations on the sen-
sor strip. Moreover, the information from each sensor may be
used individually or in combination with any or all other
sensor data to monitor tissue viability, and/or tissue flap sta-
tus, and detect acute compartment syndrome.

[0046] An operable connection between the sensor strip
and the data acquisition module can be a wired connection or
can be wireless. As with many medical monitors, a wired
connection might be convenient where the sensor strip is
placed on an in-patient or other person confined to a bed.
Wireless connections between the various parts of the system
may be preferable where the patient is mobile. However, even
for mobile patients, a wired connection may be useful, since
the entire system can be designed to be light-weight and
easily transportable. Different portions of the system may be
designed to be carried on the patient’s person. In some
embodiments, the sensor strip itself may have a wireless
connection to the rest of the system, in which case the patient
need only keep the sensor strip. In other embodiments, the
sensor strip can be wired to the data acquisition module where
signals are stored. Data can then be transferred from the data
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acquisition module in any number of ways. The data acqui-
sition module can include a wired or wireless connection to a
computer on which analysis software can be executed. Orthe
data acquisition module can store data on a removable
memory medium, such as flash memory, which can then be
physically removed to a computer that is not otherwise con-
nected to the data acquisition module. Alternatively, the data
acquisition module can have a wired or wireless connection
directly into a network, such as a LAN, so as to transmit
received and stored data in real-time to a computer. In any of
the above embodiments, the data can be analyzed and com-
pared to criteria designed to detect one or more pathologies in
the patient’s tissue. As described in more detail below, the
analysis of the data can trigger an alarm if a criterion is met or
if a pathology is detected or inferred.

[0047] A data acquisition module can include a printed
circuit board (flexible or solid), a primary or secondary bat-
tery pack, and an enclosure. The printed circuit board can
include power supply circuitry (including a battery charger),
a data communication unit, a wireless module, sensor strip
control circuitry, a user interface control unit, a data process-
ing unit, memory media (e.g., an SD card or other data storage
unit, possibly removable), a connector for the sensor strip, a
visual status indicator(s), a visual alarm indicator(s), an audio
alarm indicator, a power ‘on/off” control, and/or a connector
for battery charger and/or wired communication. Many of the
above units, such as the sensor strip control circuitry, the user
interface control unit the data processing unit, and the
memory media, are capable of storing software. Such stored
software can be used, for example, for data processing and/or
analysis, or operational control and can include algorithms
specific to those or other tasks. FIG. 5 and FIG. 6 show
examples of a data acquisition module.

[0048] Insome embodiments, a personal computer or simi-
lar mobile device is provided with analysis software that
includes a computer code programmed with a series of
instructions that allow a user to view, download, store, and
analyze data from the data acquisition module. In addition,
software can be used to create and upload one or more data
acquisition configuration files specific to each patient into the
data acquisition module. The configuration file may contain
information such as, but not limited to, patient nunmber, length
of the recording session, alarm threshold levels, communica-
tion parameters and relevant elements of patient history.

[0049] A particular aspect of the present disclosure is the
use of a series of emitters and at least one photodetector
sensor to obtain depth-resolved information in a substrate,
such as living tissue. To ensure stable outputs, the emitters
may be constant current LEDs and a detector is chosen to
match the outputs of the LEDs. This unique combination of
inputs and outputs is combined with geometric placement of
the emitters on the sensor strip to achieve differentiation in
signals from various tissue layers. We have already validated
this in an initial human trial.

[0050] Various monitors and systems disclosed herein can
be used in at least the following ways:

[0051] 1.Areusable or single-use sensor strip is attached
to the patient skin and a data acquisition module is
connected to the strip.

[0052] 2. A clinician or authorized person powers-up the
data acquisition module and loads the appropriate data
acquisition configuration file.
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[0053] 3. The data acquisition module initializes and
verifies proper state of the sensors embedded in the
sensor strip, for example by calibration as explained
below.

[0054] 4. After the successful start-up, the data acquisi-
tion module goes into acquisition mode for the duration
of session (e.g., according to a predetermined acquisi-
tion routine or as determined by the clinician).

[0055] 5. Data acquired during the session may be stored
onto a device-based memory medium for later retrieval
and analysis. At the discretion of the clinician, real-time
physiological data may be viewed on a designated plat-
form via wireless or wired interface.

[0056] 6. During data acquisition, the data acquisition
module may utilize an embedded processing unit to
process the acquired physiological signals and deter-
mine if, for example, any of the pre-selected physiologi-
cal abnormalities or conditions are present in tissues
under observation.

[0057] 1i.Ifno abnormalities are present, the unit does
not alarm.
[0058] ii. Ifthe algorithm determines that there may be

an abnormality present, it alarms by either visual,
audio, or both means. An optional communication
link may be established with a server at a healthcare
center that would enable real-time viewing of patient
acquired data by trained healthcare providers, or that
may send an alarm signal or other appropriate notice
to the patient’s physician or other healthcare provider.

[0059] iii. For outpatients, if necessary, the monitor-
ing center personnel may contact the patient and
instruct them to call their clinician for follow-up or
observation, or may contact the patient’s physician or
other healthcare provider directly.

[0060] 7. At the end of the data acquisition, data acqui-
sition module finalizes the recorded data file on the local
memory medium and then powers-down.

[0061] 8. The clinician removes the sensor strip from the
patient and either discards it (if it is a single-use strip) or
disinfects it for the next patient (if a reusable strip).

[0062] 9. Atsome point, either before, after or during use
on the patient, the sensor strip can be applied to a cali-
bration pad. Data can be recorded, and characteristics of
the calibration pad analyzed and compared to a template
based on the calibration pad’s predetermined character-
istics. Differences between the measured and known
properties of the calibration pad can then be used to
calibrate the data acquired from the patient tissue.

[0063] In some embodiments a device or kit includes a
sensor strip, data acquisition module and receiver station. The
sensor strip can be either reusable or disposable. The device
may be used under a cast or dressings to monitor tissue
viability. For example, if a patient has a complex lower limb
fracture and a clinician is concerned about acute compart-
ment syndrome, the device would be placed over the anterior
compartment prior to casting or bandaging. The bandage or
cast would be applied as usual and the data acquisition mod-
ule would be monitored to provide real-time data. Depending
on the condition of the patient, monitoring could be in real-
time (e.g., continuous) or at various time increments. For
inpatients this could be displayed on a monitor. For outpa-
tients who have a cast placed, but are otherwise able to go
home, the technology would allow for remote monitoring, for
example over the Internet or a telephone line, allowing the
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clinicianto obtain a range of physiologic data remotely. When
the cast is removed the device can be recovered.

[0064] Insomeembodiments a calibration pad can be used
to verify that the system is working properly before, after
and/or interleaved with data collection. A calibration pad can
be generally sized and shaped to be complementary to the
sensor pad. The calibration pad can include a test patternin its
interior or on its surface. The test pattern can be detectable in
one or more wavelengths of light. For example, the calibra-
tion pad could have material with a first near infrared chro-
mophore at a first depth and a second, different chromophore
at a second different depth. The calibration pad could have a
wide variety of materials with different infrared properties
throughout its interior and on its surface, e.g., arranged in a
two or three dimensional pattern, gradient or other suitable
configuration.

[0065] The calibration pad can be used by positioning the
sensor strip adjacent to the surface of the calibration pad,
activating on or more light-emitting elements on the sensor
strip, detecting light emitted by the activated light-emitting
elements to generate one or more signals representative of the
test pattern, and processing the signals to determine a char-
acteristic of the test pattern. The characteristic could be, for
example, a particular near infrared spectral response at a first
depth within the calibration pad and a second, distinct near
infrared spectral response at a second depth, for example on
the surface of the calibration pad.

[0066] The calibration pad can include a test pattern that is
designed to allow for determination of the performance of the
sensor pad. The sensor pad can be positioned on the calibra-
tion pad with light emitting element(s) and photodetector(s)
facing the calibration pad, light emitting elements on the
sensor pad activated, emitted light detected by a photodetec-
tor or photodetectors on the sensor strip, and the detected light
translated in to signals that are transmitted to a data acquisi-
tion module or other processor where a representation of the
signals is stored. The stored representations can then be com-
pared to a template based on the predetermined properties of
the calibration pad, thereby determining one or more
response characteristics of the sensor strip, or other compo-
nent of the above system. Because the test pattern can have a
predetermined form, analysis of the signals can be used to
determine the location of a photodetector and/or light emit-
ting elements of the sensor pad relative to the test pattern on
the calibration pad, and thus to each other. The detected
characteristics of the calibration pad can also be used to
determine other properties of a photodetector and light emit-
ting elements, such as brightness, sensitivity. A wide variety
of characteristics of the system can be characterized and the
system calibrated by comparing the known, predetermined
properties of the test pattern to how the test pattern is actually
detected. Comparing the data collected on the calibration pad
to a template of the calibration pad can include, for example,
determining how to best fit a predetermined model response
function to the data, and inferring from that best fit the prop-
erties of the sensor strip and its components and/or other
elements of the system.

[0067] Once aspects of the sensor strip, such as sensitivity,
brightness, and/or relative positions of the various emitters
and/or sensors, have been determined in the calibration pro-
cess, that information can be used by the system to interpret
the signals stored by the data acquisition module. As
explained above, knowing how far a particular light emitter is
from a particular photodetector is important in understanding



US 2016/0022223 Al

what depth of tissue is being probed by the detected light. By
calibrating the system to a particular sensor strip, the user can
allow the software to take into account ordinary variations in
the sizes and shapes of sensor strips. Such variations could
result from differences within manufacturing tolerances,
deformation (e.g., stretching) of the sensor strip over time, or
other causes and need not be representative of any sort of
defect.

[0068] Any ofa calibration pad, a sensor strip, a data acqui-
sition module, and relevant software can be combined in akit.
The kit can then be used as explained above to calibrate the
response of the sensor strip, data acquisition module and/or
software package.

[0069] Itshould be understood that the device of the present
disclosure is applicable to all limbs and anywhere where a
cast or dressings are placed. This is in addition to other appli-
cations mentioned previously (e.g., tissue flaps, vascular sur-
gery, etc.).

[0070] Theinvention now being generally described, it will
be more readily understood by reference to the following
examples which are included merely for purposes of illustra-
tion of certain aspects and embodiments of the present inven-
tion, and are not intended to limit the invention.

[0071] Exemplification

[0072] A light-weight multi-channel multi-wavelength
ultra-low power near infrared spectroscopy (NIRS) system
was designed and tested. The NIRS system was designed for
clinical use to emit low power (maximum 5 mW) red and
near-infrared (NIR) light into human tissue and acquire,
record, and display reflected light from various tissue depths.
As described below, results of initial functional tests of the
system are presented. Potential clinical applications of the
NIRS system include long-term non-invasive monitoring of
functional activity in tissues, oxygen consumption in skeletal
muscles, and tissue blood perfusion.

[0073] Introduction

[0074] Near infrared spectroscopy (NIRS) is a non-inva-
sive, non-ionizing imaging technique that uses light in the 650
nm to 2,500 nm region of the electromagnetic spectrum. In
medical applications, optical devices utilize what is known as
the biologic window (i.e., “therapeutic window”). This win-
dow encompasses the light from 600 nm to approximately
1400 nm. The reason why many medical optical devices
exploit light sources within this spectrum is that tissue pro-
teins are relatively transparent at these wavelengths with the
exception of certain chromophores such as oxygenated and
deoxygenated hemoglobin, melanin, fat, and water. Light is
highly scattered by the cells and organelles in tissues, as well
as absorbed by certain chromophores. Understanding scattet-
ing, absorption, and penetration of light in tissue allows
extraction of information from different tissue depths. Mod-
eling tissue scattering and absorption helps analyze light
being detected at the surface. Since their introduction, medi-
cal NIRS devices have been used in many physiologic moni-
toring applications, including, pulse oximetry, functional
NIR for measuring the neuronal activity in the brain, mea-
surement of oxygen consumption in skeletal muscles, and
more recently the measurement of tissue blood perfusion.
[0075] Below, initial functional testing results of a novel
multi-channel multi-wavelength ultra-low power portable
NIRS system (FIG. 7) are presented. To the best of our knowl-
edge, the capabilities of this device, such as its ability to
obtain optical information from multiple depths in tissue
from a portable battery powered system for extended periods
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of time, has not been previously reported. This noninvasive
system is designed to emit low-level red and NIR light into
human tissue and acquire, record, and display the reflected
light from various tissue depths. The level of reflected red and
NIR light will vary, primarily, due to absorption by the chro-
mophores of interest and the scattering coefficient of the
tissue. The chromophores of interest include HbO, and Hb
hemoglobin, melanin, fat, water, and lipids.

[0076] In preparation for human clinical trials, the objec-
tive of this study was to verify several design parameters,
including power consumption, sampling rate, total system
weight, and real-time multi-channel data display.

[0077] 1. METHODS & MATERIALS

[0078] TheNIRS system consists of an optical sensor mod-
ule, data acquisition and processing module, and a PC com-
puter used for real-time data display, analysis, and storage
(FIG. 8). These components are described in further detail
next.

1.1. Hardware

[0079] The system consists of a custom-made optical sen-
sor module, data acquisition unit, and a laptop PC. At the
heart of the system is an ultra-low power microcontroller,
MSP430-family by Texas Instruments. The MSP430 family
was selected because of'its ultra-low power requirements and
processing capabilities.

[0080] Based on project requirements and microcontroller
capabilities, the MSP430G461x was selected for the initial
prototype. This MSP430 device features a 16-bit RISC CPU,
a high performance 12 channel 12-bit A/D converter (with
610 pV LSB) and one universal synchronous/asynchronous
communication interface (USART). Digitized data is sent to
the PC in binary format using the serial communication pro-
tocol. Serial communication protocol (i.e., serial port profile,
SPP) is one of the most common protocols used for Blue-
tooth® wireless interface. Finally, the MSP430FG461x
series supports a liquid crystal display (LCD) option with its
integrated LCD driver.

[0081] The system was designed to obtain information
about various tissue chromophores at varying tissue depths.
This has been achieved by using multiple source-detector
distances to collect reflected light. Light obtained from a near
source-detector pair samples tissue closer to the surface,
while the light obtained from the source-detector pairs several
centimeters apart is able to sample deeper sections of tissue.
Understanding the results from these optodes requires careful
modeling and algorithm development to interpret the data
(see below). The optical sensor module contains light
sources, LEDs, and a photodetector, PD. The optical signal
strength at the detector position on the surface of the skin is
expected to be on the order of pico- to micro-watts, which
depends on the actual radiant intensity of the source. In our
system, we set a goal of generating maximum 5 mW radiant
power from LEDs. This value was chosen because it is con-
sidered to be a safe optical and thermal level for medical
devices. The system utilizes silicone PIN diodes for reflected
light detection. The PIN diodes have wide bandwidth, low
capacitance, and low bias voltage. Their optical sensitivity is
approximately two orders of magnitude smaller than ava-
lanche photo diodes (APDs). Preliminary tests, however,
have shown that these detectors have sufficient sensitivity for
our applications.

[0082] The initial system requirements were based on a
need for a fully portable (i.e. light weight), compact multi-
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channel system capable of 36 hours standby time, 12 hours of
continuous NIRS data acquisition at 20 samples per second
using 700 mAh rechargeable lithium-polymer battery. The
sampling rate was based on the work by Saager, who found
that 20 Hz offers more than sufficient sampling rate for char-
acterizing hemodynamic fluctuations, which mostly occur in
single- to sub-Hz range. Based on these requirements, the
current consumption in the ready (i.e., standby) mode would
need to be 19 mA and 58 mA in the active mode. In addition,
the system would need to display multi-channel real-time
acquired data and save it to the PC hard drive for offline
analysis.

[0083] 1.2.Software

[0084] The initial version of the PC software for NIRS data
acquisition, display, and storage utilizes custom-designed
application developed with Microsoft® DirectX® technol-
ogy. The application is capable of displaying up to 64 chan-
nels of data with various user-configurable parameters such
as display scale, signal grouping, and displayed data color.
Presently, the acquired data is saved to a local hard drive for
off-line analysis. Initial signal processing algorithms have
been developed and will be optimized pending the results of
our clinical trials.

2. RESULTS

[0085] Four bench-top tests were conducted to evaluate
initial performance of the NIRS system. First, the system
current was measured using the ampere meter in the Agilent
E3631A triple power supply. The voltage was set to 7.6V DC,
and the current was measured in “ready” mode and then in
“active” mode. In ready mode, system is set to acquire data
with the sensor strip disabled. In active mode, the system is
acquiring and sending NTRS data to PC for display and
storage. The design goal for the ready mode current was set to
19 mA and was measured to be 16.5 mA, which is approxi-
mately 15 percent improvement over the design goal. Active
mode current goal was set to 58 mA but was measured to be
60.3 mA. Second, in order to be able to monitor certain
physiologic parameters, the system needed to be able to
sample acquired optical signals at 20 samples per second
(sps). We used Agilent 33120A arbitrary function generator,
Agilent DSO1024A oscilloscope, and PC application to test
the accuracy of our analog-to-digital conversion, as well as to
verify our maximum data sampling rate. The current version
of the system is able to acquire NIRS data at a rate of 50
samples per second. Third, total system weight was measured
to be 95 grams, which is five grams below design goal.
Finally, the last major design goal was achieved by success-
fully displaying 64 channels of data in real-time. The sum-
mary of initial NIRS prototype test results is shown in Table
1. The system succeeded in accomplishing four of the five
main goals for this stage of system development. The one
parameter that requires further optimization is the active
mode current consumption, which exceeded our goal by four
percent. The 12 hour continuous active mode operation of the
NIRS system will be achieved by making improvements to
the embedded control software.
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TABLE 1

Design Success Metrics for the NIRS System

Testing Goal

Parameter Design Goal Result Achieved?
Current Consumption (mA)
Ready Mode 19 16.5 Yes
Active Mode 58 60.3 No
Sampling Rate per Channel (sps) 20 50 Yes
Total Weight (including battery) [g] 100 95 Yes
Real-time multi-channel data 64 64  Yes
display

3. CONCLUSIONS AND DISCUSSION
[0086] The details above describe initial design and func-

tional testing results of a novel multichannel multi-wave-
length ultra-low power portable NIRS system. The NIRS
technology works by quantifying light absorption by chro-
mophores of interest and the scattering coefficients of the
tissue. The clinical applications of this lightweight, multi-
channel NIRS system includes long-term non-invasive moni-
toring of functional activity in tissues, oxygen consumption
in skeletal muscles, and tissue blood perfusion.

INCORPORATION BY REFERENCE

[0087] All publications and patents mentioned herein are
hereby incorporated by reference in their entirety as if each
individual publication or patent was specifically and indi-
vidually indicated to be incorporated by reference. In case of
conflict, the present application, including any definitions
herein, will control.

EQUIVALENTS

[0088] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, numer-
ous equivalents to the devices, systems and methods
described herein. Such equivalents are considered to be
within the scope of this invention and are covered by the
following claims. Those skilled in the art will also recognize
that all combinations of the various embodiments described
herein are within the scope of the invention.

1. A system for monitoring tissue at a plurality of depths,

the system comprising;

asensor strip, the sensor strip having a first side comprising
a first photodetector element and a plurality of light-
emitting elements, wherein the plurality of light-emit-
ting elements are disposed in a predetermined configu-
ration relative to the photodetector element;

a data acquisition module capable of being coupled to the
sensor strip, wherein the data acquisition module is con-
figured to control the sensor strip and store signals
received from the light-emitting elements; and

analysis software for analyzing and displaying the received
signals.

2. The system of claim 1, wherein the sensor strip is

adapted to be placed on the surface of a patient’s skin.

3. The system of claim 1, wherein the sensor strip is

adapted to be placed over an area of a patient’s body.

4. The system of claim 1, further comprising an analog-to-

digital converter (ADC), wherein the system differentiates
signals received from the light-emitting elements by using the
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ADC in conjunction with the first photodetector element, and
activating only a subset of the plurality of light-emitting ele-
ments at any single point in time.

5. The system of claim 1, further comprising processing
circuitry configured to modulate and demodulate light emit-
ted by the plurality of light-emitting elements.

6-7. (canceled)

8. The system of claim 1, wherein the first photodetector
element is configured to detect only a specific wavelength that
matches a wavelength of one of the plurality of light-emitting
elements.

9. (canceled)

10. The system of claim 1, wherein each of the plurality of
light-emitting elements emits a different wavelength of light.

11. The system of claim 1, wherein the plurality of light-
emitting elements emit one or more wavelengths in a spec-
trum of light including the near-infrared spectrum, the visible
spectrum, and the ultraviolet spectrum.

12-14. (canceled)

15. The system of claim 1, wherein one or more wave-
lengths of the plurality oflight-emitting elements are selected
based on a chromophore of interest in the tissue.

16. The system of claim 1, wherein the first side of the
sensor strip further comprises a second photodetector ele-
ment, and wherein at least one of the first and second photo-
detector elements detects one or more wavelengths of light
emitted by the plurality of light-emitting elements.

17-22. (canceled)

23. The system of claim 1, wherein a second side of the
sensor strip comprises a flexible substrate.

24. The system of claim 1, wherein a second side of the
sensor strip comprises a biocompatible adhesive.

25-27. (canceled)

28. The system of claim 1, wherein the data acquisition
module comprises a printed circuit board, battery pack, and
an enclosure.

29-37. (canceled)

38. A method of monitoring a patient comprising;

1) positioning the first side of a sensor strip of a system of

claim 1 adjacent to a tissue of a patient;

2) activating one or more light-emitting elements;

3) detecting light emitted by the activated elements,

4) generating one or more signals representative of a char-

acteristic of the tissue; and

5) processing the signals to determine the characteristic of

the tissue.

39. The method of claim 38, wherein the characteristic of
the tissue comprises one or more of: oxygenation state, level
of oxygenated hemoglobin, level of deoxygenated hemoglo-
bin, ratio of oxygenated hemoglobin to deoxygenated hemo-
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globin, total hemoglobin level, carboxyhemoglobin level, tis-
sue saturation, cardiovascular pulse, a hypovolemic state, a
hypervolemic state, muscle intracompartmental pressure,
temperature, blood flow velocity, and change in size of tissue
under observation.

40. A calibration pad for calibrating a sensor strip, the
sensor strip having a first side including a photodetector ele-
ment and a plurality of light-emitting elements, the calibra-
tion pad comprising;

a test pattern that can be detected by one or more wave-

lengths of light.

41. The calibration pad of claim 40, wherein the test pattern
is detectable by:

positioning the sensor strip adjacent to a surface of the

calibration pad;

activating one or more of the light-emitting elements;

detecting light emitted by the activated elements to gener-

ate one or more signals representative of a characteristic
of the test pattern; and

processing the signals to determine the characteristic of the

test pattern.
42. The calibration pad of claim 40, wherein positions of
the light-emitting elements relative to the photodetector can
be determined by processing light emitted from the light-
emitting elements, the light having interacted with the test
pattern before being received by the photodetector element
while the sensor strip is in photocommunication with the
calibration pad.
43. A kit comprising the calibration pad of claim 40 and the
system of claim 1.
44. A method of calibration using the kit of claim 43, the
method comprising:
1) positioning the first side of the sensor strip of claim 41
adjacent toand in photocommunication with a surface of
the calibration pad of claim 41;

2) activating one or more of the light-emitting elements;

3) detecting, with the first photodetector element, light
emitted by the activated one or more light-emitting ele-
ments and reflected, refracted, or diffracted by the test
pattern, thereby generating one or more signals repre-
sentative of a characteristic of the test pattern;

4) storing a representation of the signals in the data acqui-

sition module; and

5) by operation of the analysis software, comparing the

stored representations to a template, thereby determin-
ing one or more response characteristics of the sensor
strip.

45. (canceled)
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