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(7) ABSTRACT

A diagnostic system is provided for classifying a soft tissue
condition within a region of interest of a subject. The
diagnostic system comprises a spectrometer system config-
ured to irradiate a soft tissue within a region of interest of a
subject, and configured to generate spectral data by acquir-
ing at least a portion of the reflected or emitted light from the
region of interest. The diagnostic system further comprises
a thermal detection system including at least one thermal
sensor that is configured to acquire thermal detection data
from the region of interest. A computer system is then used
to build a classification model based on input thermal
detection and spectral data. The classification model is then
applied to an unknown soft tissue condition to classify the
condition (e.g., classifying cellulitis from pseudocellulitis).
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SYSTEM AND METHOD FOR DIAGNOSING
SOFT TISSUE CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on, claims the benefit of,
and incorporates herein by reference, U.S. Provisional Pat-
ent Application 62/481,886, filed Apr. 5, 2017, U.S. Provi-
sional Patent Application 62/504,135, filed May 10, 2017,
and U.S. Provisional Patent Application 62/562,533, filed
Sep. 25, 2017.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under T32 AR007098 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND

[0003] Cellulitis is a common skin and soft tissue infection
(SSTTI) that has been shown to be misdiagnosed over 30% of
the time. This frequent misdiagnosis is due to the presence
of many clinical mimics that possess similar signs and
symptoms, collectively known as ‘pseudocellulitis.” Annu-
ally, there are 2.3 million Emergency Department (ED)
visits for cellulitis, with 17% of these visits resulting in
admission to the hospital. As the number of hospitalizations
from cellulitis has doubled from 1998, so has the total cost
for cellulitis hospitalization to $3.74 billion annually. Cel-
lulitis misdiagnosis in the hospital alone leads to an esti-
mated 130,000 unnecessary admissions and $515 million in
avoidable health care spending. Beyond cost, 92% of
patients misdiagnosed with cellulitis in the hospital received
unnecessary antibiotics, increasing their risk of antibiotic
related complications such as anaphylaxis, drug rash, and
Clostridium difficile infection.

[0004] While dermatology and infectious disease consul-
tation is highly accurate in the diagnosis of cellulitis to the
point of being considered the clinical gold standard diag-
nostic modality, specialty access remains limited. For
example, the majority of cellulitis cases are not seen by a
specialist but are managed exclusively by primary care,
emergency medicine, or internal medicine physicians. In
some instances, the physician may also suggest blood tests,
a wound culture, or other laboratory tests to assist in making
the diagnosis. However, the results for these tests may take
up to one or two days, may be expensive, and do not always
vield definitive results. The misdiagnosis rate of cellulitis
remains high. This has led to rising healthcare costs attrib-
uted to, at least in part, unnecessary admission of patients
into clinics and unnecessary administration of antibiotics
and testing.

[0005] Currently, there is a need in the art for the devel-
opment of diagnostic tools that can assist clinicians to
differentiate cellulitis from other ‘pseudocellulitis’ condi-
tions that present similar symptoms. The development of
such tools would decrease the misdiagnosis rate, prevent
unnecessary hospitalizations and complications, reduce
overuse of antibiotics, and testing, and save money in
healthcare spending.
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SUMMARY OF THE DISCLOSURE

[0006] The present disclosure provides systems and meth-
ods for overcoming the aforementioned drawbacks by pro-
viding a diagnostic system that classifies, or provides infor-
mation that assists a physician in diagnosing or classifying,
soft tissue conditions in a region of interest of a subject. The
diagnostic system of the present disclosure allows for quick
and easy measurements that may, in some aspects, be
acquired using an attachment on a mobile device. The
diagnostic system presented herein can reduce the misdiag-
nosis rate of soft tissue conditions, such as classifying
cellulitis from pseudocellulitis, and thereby preventing
unnecessary hospitalizations, reducing overuse of antibiot-
ics, and reduce overall healthcare spending.

[0007] In accordance with one aspect of the present dis-
closure, a diagnostic system is provided that includes a
spectrometer system and a thermal detection system. The
spectrometer system is configured to irradiate a soft tissue
within a region of interest of a subject, and is further
configured to generate spectral data by acquiring at least a
portion of the reflected or emitted light from the region of
interest. The thermal detection system includes at least one
thermal sensor that is configured to acquire thermal detec-
tion data from the region of interest. The diagnostic system
further includes a computer system communicatively
coupled to the thermal detection system and the spectrom-
eter system, where the computer system is programmed to:
control the spectrometer system to generate the spectral data
by irradiating the region of interest at one or more wave-
length, and by acquiring at least a portion of light reflected
or emitted from the region of interest; control the thermal
detection system to acquire the thermal detection data from
the region of interest using the at least one thermal sensor;
utilize one or more parameter from the thermal detection
data and the spectral data in a classification model that
classifies the soft tissue in the region of interest as corre-
sponding to a soft tissue infection; and generate a report that
includes a classification of the soft tissue infection or a
plurality of parameters indicative of the soft tissue infection.

[0008] In another aspect of the present disclosure, a diag-
nostic system is provided that includes a spectrometer
system. The spectrometer system comprises a light source
and a detector. The light source is configured to irradiate a
soft tissue within a region of interest of a subject, and the
detector is configured to acquire at least a portion of the
reflected or emitted light from the region of interest. The
detector may comprise a fiber optic probe communicatively
coupled to a spectrometer, the fiber optic probe may include
at least one illumination fiber configured to irradiate a soft
tissue within a region of interest of a subject, and wherein
the fiber optic probe further includes at least one detection
fiber configured to generate spectral data by acquiring
reflected irradiation from the region of interest. The diag-
nostic system further includes a computer system commu-
nicatively coupled to the spectrometer system, and where
the computer system is programmed to: control the spec-
trometer system to generate the spectral data by irradiating
the region of interest at one or more wavelength, and
acquiring the reflected or emitted irradiation from the region
of interest; utilize one or more parameter from the spectral
data in a classification model that classifies the soft tissue in
the region of interest as corresponding to a soft tissue
infection; and generate a report that includes a classification
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of the soft tissue infection or a plurality of parameters
indicative of the soft tissue infection.

[0009] In one aspect of the present disclosure, a diagnostic
system is provided that includes a thermal detection system.
The thermal detection system includes at least one thermal
sensor that is configured to acquire thermal detection data
from the region of interest. The diagnostic system further
includes a computer system communicatively coupled to the
thermal detection system, and where the computer system is
programmed to: control the thermal detection system to
acquire the thermal detection data from the region of interest
using the at least one thermal sensor; and utilize one or more
parameter from the thermal detection data in a classification
model to differentiate cellulitis and pseudocellulitis; and
generate a report that includes a classification of cellulitis or
pseudocellulitis or a plurality of parameters indicative of
cellulitis or pseudocellulitis.

[0010] In another aspect of the present disclosure, a diag-
nostic system is provided that includes a spectrometer
system and a thermal imaging system. The spectrometer
system is configured to irradiate a soft tissue within a region
of interest of a subject, and is further configured to generate
spectral data by acquiring reflected irradiation from the
region of interest. The thermal detection system includes at
least one thermal sensor that is configured to acquire thermal
detection data from the region of interest. The diagnostic
system further includes a computer system communicatively
coupled to the thermal detection system and the spectrom-
eter system, and wherein the computer system is pro-
grammed to: control the spectrometer system to generate the
spectral data by irradiating the region of interest at one or
more wavelength, and acquiring at least a portion of light
reflected or emitted from the region of interest; control the
thermal detection system to acquire the thermal detection
data from the region of interest using the at least one thermal
sensor; and generate at least one image of a soft tissue within
the region of interest of the subject based on the thermal
detection data and the spectral data.

[0011] In one aspect of the present disclosure, a method is
provided for classifying a soft tissue condition in a region of
interest of a subject. The method includes acquiring thermal
detection data from a soft tissue in a region of interest in a
subject using a thermal detection system. The method fur-
ther includes acquiring spectral data by irradiating the soft
tissue and acquiring at least a portion of the reflected or
emitted light from the region of interest using a spectrometer
system. One or more parameter from the thermal detection
data and the spectral data is then generated using a computer
system utilized in a classification model to classify the soft
tissue in the region of interest as corresponding to a soft
tissue infection. A report is then generated using the com-
puter system that includes a classification of the soft tissue
infection or a plurality of parameters indicative of the soft
tissue infection.

[0012] In another aspect of the present disclosure, a
method for classifying a soft tissue condition in a region of
interest of a subject is provided. The method includes
generating spectral data by irradiating a soft tissue in a
region of interest of a subject and acquiring at least a portion
of the reflected or emitted light from the region of interest
using a spectrometer system. One or more parameter is then
generated from the spectral data using a computer system,
and the one or more parameter is then utilized in a classi-
fication model that classifies the soft tissue in the region of
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interest as corresponding to a soft tissue infection. The
method further includes generating a report that includes a
classification of the soft tissue infection or a plurality of
parameters indicative of the soft tissue infection using the
computer system.

[0013] In one aspect of the present disclosure, a method
for classifying a soft tissue condition in a region of interest
of a subject is provided. The method includes acquiring
thermal detection data from skin in a region of interest of a
subject using a thermal detection system. One or more
parameter from the thermal detection data is generated using
a computer system and utilized in a classification model to
differentiate the soft tissue in the region of interest between
cellulitis and pseudocellulitis. The computer system is then
utilized to generate a report that includes a classification of
cellulitis or pseudocellulitis or a plurality of parameters
indicative of cellulitis or pseudocellulitis.

[0014] The foregoing and other aspects and advantages of
the present disclosure will appear from the following
description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in
which there is shown by way of illustration a preferred
embodiment. This embodiment does not necessarily repre-
sent the full scope of the invention, however, and reference
is therefore made to the claims and herein for interpreting
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The present invention will hereafter be described
with reference to the accompanying drawings, wherein like
reference numerals denote like elements.

[0016] FIG. 1is a block diagram illustrating an example of
a system in accordance with one aspect of the present
disclosure.

[0017] FIG. 2 is a block diagram of a diagnostic system in
accordance with another aspect of the present disclosure.
[0018] FIG. 3 is a flow chart setting forth the steps of an
example method for classifying a soft tissue condition of a
subject using thermal image and spectral data in accordance
with an aspect of the present disclosure.

[0019] FIG. 4 is a flow chart setting forth the steps of an
example method for classifying a soft tissue condition of a
subject using spectral data in accordance with another aspect
of the present disclosure.

[0020] FIG. 5 is a flow chart setting forth the steps of an
example method for classifying a soft tissue condition of a
subject using thermal detection data in accordance with still
another aspect of the present disclosure.

[0021] FIG. 6 is a front perspective view of a diagnostic
system in accordance with one aspect of the present disclo-
sure.

[0022] FIG. 7 is a rear perspective view of a diagnostic
system of FIG. 6.

[0023] FIG. 8 is a flowchart that shows the screening and
enrollment steps for a study in accordance with one aspect
of the present disclosure.

[0024] FIG. 9 is a series of clinical images, thermal
images, and diffuse reflectance spectroscopy spectra of
representative patients. Representative data for the affected
and unaffected areas of skin. For cellulitis patient, the
temperature difference (affected-unaffected) was 1.4° C. For
the pseudocellulitis patient, the temperature difference was
-3.6° C.
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[0025] FIG. 10 is a classification model in accordance
with one aspect of the present disclosure. The classification
model includes a logistic regression that determined the
probability of cellulitis based on a spectral ratio (556/542
nm) of the affected skin. 50% threshold corresponds to a
spectral ratio of 1.012.

[0026] FIG. 11 is classification model built from one or
more parameter from spectral and thermal detection data.
The classification model includes a linear classifier that was
calculated for the thermal differences and the spectral ratios
using a linear discriminant analysis technique. By changing
the intercept of the line, optimal sensitivity and specificity of
the classifier can be selected. We demonstrate a sensitivity of
95.2%, specificity of 77.8%, PPV of 90.9%, NPV of 87.5%,
and accuracy of 90.0%

[0027] FIG. 12 is a Receiver operating characteristic
(ROC) curve. ROC curve for predicting cellulitis in using
spectral ratio predictive model alone and dual parameter
predictive model.

[0028] FIG. 13 is a flowchart that shows the screening and
enrollment steps for a study in accordance with an aspect of
the present disclosure.

[0029] FIG. 14 is a pair of clinical images and correspond-
ing thermal images for an unaffected and affected skin area
of a representative in the study that is diagnosed with
cellulitis. Temperature difference of the affected minus the
unaffected area was 3.5° C.

[0030] FIG. 15 is pair of clinical images and correspond-
ing thermal images of an unaffected and affected area of skin
of a representative in the study that is diagnosed with
pseudocellulitis. Temperature difference of affected-unaf-
fected is 0.1° C.

[0031] FIG. 16 is a graph showing receiver operating
characteristic (ROC) curve. ROC curve for predicting cel-
lulitis in patients randomized to dermatology consultation
(n=40).

[0032] FIG. 17 is a graph showing a classification model
in accordance with an aspect of the present disclosure. The
classification model includes a logistic regression that shows
the probability of cellulitis based on temperature difference
between affected and unaffected skin. 50% threshold corre-
sponds to 0.47° C.

[0033] FIG. 18 is a graph showing a classification model
in accordance with an aspect of the present disclosure. The
classification model includes a logistic regression that shows
probability of cellulitis for a ratio defined by a given
temperature difference divided by an unaffected skin tem-
perature. 50% threshold exists at 1.35%.

[0034] FIG. 19 is table illustrating baseline patient demo-
graphics, comparing patients with diagnoses of cellulitis and
pseudocellulitis.

[0035] FIG. 20 is table illustrating baseline patient demo-
graphics, comparing the cohorts randomized to dermatology
consultation vs. standard of care.

[0036] FIG. 21 is a table illustrating alternative diagnoses
(aka pseudocellulitis) of patients randomized to both der-
matology consultation and standard care.

[0037] FIG. 22 is a table comparing the average affected
skin temperatures, unaffected skin temperatures, and tem-
perature differences in patients with cellulitis and pseudo-
cellulitis among those randomized to dermatology consul-
tation.

[0038] FIG. 23 is a table comparing two classification
models. Sensitivity, specificity, positive and negative pre-
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dictive value, and accuracy of model in dermatology and
standard of care cohort. p=1/(1+exp(~(0.7089*x-0.3351})},
x=temperature gradient or percentage, p=probability of cel-
lulitis.

[0039] FIG. 24 is a table showing a confusion matrix for
the classification model presented in FIG. 17. The confusion
matrix demonstrates the use of the classification model from
FIG. 17 in correctly predicting diagnoses in the cohort
randomized to standard of care.

[0040] FIG. 25 is a table illustrating alternative diagnoses,
also known as pseudocellulitis, of patients randomized to
both dermatology consultation and standard of care.
[0041] FIG. 26 is a table comparing the two classification
models presented in FIG. 17 and FIG. 18. Sensitivity,
specificity, positive and negative predictive value, and accu-
racy of the classification models is illustrated in a cohort
seen by dermatology consultation; x=temperature gradient
or percentage; p=probability of cellulitis.

DETAILED DESCRIPTION

[0042] Referring to FIG. 1, a block diagram of an example
computer system 100 that can be used to classify a soft tissue
condition from a region of interest of a subject is illustrated.
The computer system 100 generally includes an input 102,
at least one processor 104, a memory 106, an output 108, and
any device for reading computer-readable media (not
shown). The computer system 100 may be, for example, a
workstation, a mobile device, a laptop computer, a personal
digital assistant (PDA), a multimedia device, a network
server, a mainframe, a spectrometer system, a thermal detec-
tion system, or any other general-purpose or application-
specific computing device, or a system in communication
with or part of a diagnostic system, as will be described in
FIG. 2. The computer system 100 may operate autono-
mously or semi-autonomously, or may read executable soft-
ware instructions from a computer-readable medium (such
as a hard drive, a CD-ROM, flash memory and the like), or
may receive instructions from a user, or any other source
logically connected to a computer or device, such as another
networked computer or server, via the input 102.

[0043] The input 102 may take any shape or form, as
desired, for operation of the computer system 100, including
the ability for selecting, entering, or otherwise specifying
parameters consistent with operating the computer system
100. In some aspects, the input 102 may be configured to
receive data, such as thermal detection data acquired with a
thermal detection system, which may include a thermal
imaging camera or thermal probe and/or spectral data
acquired with a spectrometer system. The input 102 may
also be configured to receive other data or information that
is considered useful in assisting the system to classify the
soft tissue condition of the subject. In one aspect, the input
102 data to the computer system 100 may include clinical
characteristics of the patient, such as the patient’s age, heart
rate, white blood cell (WBC) count, and any data collected
during a physical examination.

[0044] Among the processing tasks for operating the com-
puter system 100, the at least one processor 104 may also be
configured to receive data, such as spectral and/or thermal
detection data, wherein the data may be pre-processed,
and/or may undergo any number of further processing steps
using the at least one processor 104. In some aspects, the at
least one processor 104 may be capable of performing
computations using signals derived from spectral data and/or
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thermal detection data. For example, the at least one pro-
cessor 104 may be capable executing appropriate instruc-
tions, such as instructions provided by software 110 from the
memory 106. The data may be provided to the processor 104
from stored data 112 in the memory 106.

[0045] In some aspects, the processor 104 performs com-
putations using instructions received from the software 110
to generate an output 108. The output 108 may take any
shape or form, as desired, and may be configured for
displaying any information in relation to the spectral and/or
thermal detection data. In some aspects, the output 108 may
be configured in the form of a report that classifies the soft
tissue condition, or provides information to a physician to
assist in diagnosing, in the region of interest of the subject.
The report may be generated based on input spectral and/or
thermal detection data provided to the processor 104 of the
computer system 100. Example soft tissue conditions that
the computer system 100 may classify include, but are not
limited to, soft tissue infections, skin and soft tissue infec-
tions, such as classifying cellulitis or pseudocellulitis from
the region of interest of the subject.

[0046] Referring particularly now to FIG. 2, a block
diagram of an example diagnostic system 200 that can be
used to classify a soft tissue condition within a region of
interest of a subject is illustrated. The diagnostic system 200
includes the same or similar components as described with
respect to FIG. 1. For example, the diagnostic system 200
generally includes at least one processor 104 that includes a
commercially available programmable machine running on
a commercially available operating system. The at least one
processor 104 1s configured to execute instructions, such as
software instructions provided in the memory 106. An
optional display 208 may be included in the diagnostic
system 200, which may further include one or more input
device, such as a keyboard and mouse or touch-screen. The
display 208 may provide an operator interface that enables
operational parameters to be entered into the diagnostic
system 200. The display 208 may also be configured to
display the output 108 generated from the at least one
processor 104.

[0047] In general, the computer system 100 may be com-
municatively coupled to at least one other system (indicated
by dotted lines in FIG. 2), such as a spectrometer system 210
and/or a thermal detection system 212, which may include
a thermal sensor. The computer system 100 may be con-
nected via an input 102, which may include any suitable
communicative connection, whether wired, wireless, or a
combination of both, such that the computer system 100 may
receive and send information with the spectrometer system
210 and the thermal detection system 212.

[0048] The spectrometer system 210 functions in response
to instructions downloaded from the computer system 100 to
operate the spectrometer system 210 to generate and acquire
spectral data from a soft tissue in a region of interest. In
general, the spectrometer system 210 typically includes an
optional spectrometer 214 for receiving and processing
signals, a light source 216, and a detector 218. The spec-
trometer system 210 may generate the spectral data by
irradiating the soft tissue with one or more wavelength using
the light source 216, and may acquire the spectral data by
detecting at least a portion of the reflected or emitted light
using the detector 218. The light source 216 may be selected
from a number of suitable light sources, such as a broad band
light source, a UV light source, a UV-Vis-NIR light source,

Apr. 23,2020

a VIS and NIR light source, one or more light-emitting diode
(LED), and a white light LED, such as the light source in a
smartphone or mobile device. In one aspect, the detector 218
comprises a fiber optic probe that is configured with one or
more illumination fiber that transfers irradiation from the
light source 216 to the soft tissue in the region of interest.
The fiber optic probe may further include at least one
detection fiber that transfers at least a portion of light that is
reflected or emitted from the region of interest to the detector
218. The reflected or emitted signals are then transferred to
the spectrometer 214 and/or the computer system 100 to
generate spectral data. In one aspect, the detector 218 may
comprise the camera configured within a smartphone or
mobile device, and the light source may comprise a white
light LED configured within the smartphone or mobile
device.

[0049] In one aspect, the spectrometer system 210 com-
prises a diffuse reflectance spectrometer that generates a
diffuse reflectance spectrum from the soft tissue in the region
of interest. Diffuse reflectance measurements are typically
acquired using an irradiation between 400 to 900 nm. The
diffuse spectrum includes the absorption and scattering
properties of a target soft tissue, where an absorption coef-
ficient may be used to determine one or more physiological
parameters from the region of interest, such as blood oxy-
genation levels by taking a ratio of the oxygenated and
deoxygenated hemoglobin peaks (542 nm and 556 nm,
respectively). Other suitable physiological parameters may
include a capillary refill time based on the spectral data. In
other aspects, the spectrometer system 210 may comprise a
fluorescence spectrometer that is configured to acquire light
emitted from the region of interest, typically visible light.
Fluorescence spectroscopy typically occurs at a wavelength
between 300 to 460 nm, where emission may be measured
up to 600 nm.

[0050] The spectral data generated by the spectrometer
system 210 may then be provided as an input 102 to the
processor 104 in the computer system 100. The computer
system 100 may then be programmed to process the spectral
data to generate and display a spectrum or spectra of the soft
tissue. As will be described in more detail, the computer
system 100 may also generate a report that classifies a soft
tissue condition within the region of interest (e.g., as cellu-
litis or pseudocellulitis), or provides information that assists
a physician in diagnosing the soft tissue condition, based on
the spectral data. In one aspect, the soft tissue condition is
located on an external soft tissue (e.g., skin), and may
comprise a skin and soft tissue infection. In one non-limiting
example, the soft tissue condition comprises cellulitis or
pseudocellulitis.

[0051] The thermal detection system 212 functions in
response to instructions downloaded from the computer
system 100 to operate the thermal detection system 212 to
acquire thermal detection data from the soft tissue in the
region of interest. In general, the thermal detection system
includes one or more thermal sensor 220, an optical element
222, and an actuator 224. In one aspect, the one or more
thermal sensor 220 may be configured to acquire thermal
detection data by detecting infrared radiation from the soft
tissue in the region of interest. For example, the one or more
thermal sensor 220 may be configured to detect, for
example, mid wave infrared wave bands (MWIR), long
wave infrared wave bands (LWIR), and/or other imaging
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bands as desired. Suitable sensors may include focal plane
arrays such as microbolometers.

[0052] The thermal detection system 212 may include one
or more actuator 224 which may be used to adjust the focus
of the acquired thermal detection data and/or thermal image.
For example, the one or more actuator 224 may move optical
element 222, the one or more thermal sensor 220, and other
components to focus and defocus the thermal detection data
or image, as desired. The thermal detection data may be used
to produce one or more physiological parameters from the
region of interest. In one aspect, the thermal detection
system 212 may detect temperature measurements between
20° C. and 120° C. without contacting the soft tissue.
[0053] The thermal detection data generated by the ther-
mal detection system 212 may then be provided as an input
102 to the processor 104 in the computer system 100. The
computer system 100 may then be programmed to process
the thermal detection data to generate and display a thermal
image of the soft tissue. As will be described in more detail,
the computer system 100 may also generate a report that
classifies a soft tissue condition within the region of interest
(e.g., as cellulitis or pseudocellulitis), or provides informa-
tion that assists a physician in diagnosing the soft tissue
condition, based on the thermal detection data. In one aspect,
the soft tissue condition comprises an external soft tissue,
such as a skin and soft tissue infection. In one non-limiting
example, the soft tissue condition comprises cellulitis or
pseudocellulitis.

[0054] In one aspect, both the thermal detection data
generated by the thermal detection system 212 and spectral
data generated by the spectrometer system 210 may be
provided as inputs 102 to the processor 104 in the computer
system 100. In another aspect, the computer system 100 may
then be programmed to process both the thermal detection
data and the spectral data to generate a report that classifies
soft tissue condition within the region of interest (e.g., as
cellulitis or pseudocellulitis), or provides information that
assists a physician in diagnosing the soft tissue condition. In
one aspect, the soft tissue condition comprises an external
soft tissue, such as a skin and soft tissue infection. In one
non-limiting example, the soft tissue condition comprises
cellulitis or pseudocellulitis. Additionally, the computer sys-
tem 100 may then be programmed to process both the
thermal detection data and the spectral data to generate at
least one image or spectrum based on the soft tissue in the
region of interest.

[0055] As described, the misdiagnosis rate of soft tissue
conditions, such as cellulitis or pseudocellulitis, remains
high. This has led to rising healthcare costs attributed to, at
least in part, unnecessary admission of patients into clinics
and unnecessary administration of antibiotics. The diagnos-
tic system 200 offers advantages over conventional tech-
niques, which typically rely on a diagnosis from a specialist,
such as a dermatologist. For example, the diagnostic system
200 uses easy to measure parameters that produce a classi-
fication of the soft tissue in the region of interest, which may
be used as tool to assist physicians in diagnosing soft tissue
conditions. Moreover, unlike convention techniques for
diagnosing skin and soft tissue infections, such as blood
tests, wound cultures, and other laboratory tests, the diag-
nostic system 200 can quickly acquire data and produce a
classification for the physician to review. The diagnostic
system 200 reliably classifies soft tissue conditions, which in
turn helps to reduce the misdiagnosis rate, prevent unnec-
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essary hospitalizations, reduce overuse of antibiotics, and
save money in healthcare spending. Having generally
described the computer system 100 and the diagnostic
system 200 in FIGS. 1-2, the present disclosure will now
turn to describing methods for using these systems to
classify a soft tissue condition in the region of interest of a
subject.

[0056] Multi-System Model:

[0057] Referring to FIG. 3, a flowchart is provided for one
implementation of a method 300 for classifying a soft tissue
condition using both a thermal detection system and a
spectrometer system in accordance with the present disclo-
sure. The method 300 begins at process block 302 by
arranging the subject and the diagnostic system 200 in a
position for data acquisition. As indicated at 304, thermal
detection data and spectral data are then acquired from the
soft tissue in the region of interest.

[0058] In one aspect, thermal detection data is acquired
using the thermal detection system 212. For example, one or
more thermal sensor 620 may be configured proximate to the
soft tissue to detect infrared radiation. The detected signals
may then be processed by the thermal detection system 212
and/or computer system 100 to generate the thermal detec-
tion data. The thermal detection data is then used to generate
one or more parameter from the thermal detection data.
[0059] In one aspect, spectral data is acquired using the
spectrometer system 210. For example, the detector 218 may
comprise a fiber optic probe that is positioned proximate to
an affected region of the subject, and the light source 216
may irradiate the affected area through at least one illumi-
nation fiber in the fiber optic probe. The resulting reflected
and/or emitted light is then detected using at least one
detection fiber in the fiber optic probe of the detector 218.
The detected signals are then transferred to the optional
spectrometer 214 and/or computer system 100 to generate
the spectral data. The computer system 100 then processes
the spectral data to generate one or more parameter from the
soft tissue in the region of interest

[0060] As indicated at process block 306, the spectral data
and the thermal detection data are then used to classify a soft
tissue condition in the region of interest. In one aspect, the
at least one processor 104 may classify the soft tissue
condition by using a classification model that is built from
one or more parameter generated from the input data 102
spectral and thermal detection data. In some aspects, the
classification model includes an optimization function that
best fits the one or more parameter from the input data to one
or more classification option, class label, or attribution set
(i.e., classifying the region of interest as cellulitis or pseudo-
cellulitis). That is, the classification model uses the input 102
thermal detection and spectral data to build a model that
predicts a classification option of a previously unknown soft
tissue condition. The classification model is then applied to
the input data to assign or classify the input data to a
classification option. As indicated by process block 308, a
report may then be generated that includes the classification
of the soft tissue condition. The report may be generated and
displayed using the computer system 100.

[0061] In one non-limiting example, the classification
model may identify a soft tissue condition as corresponding
to a first classification option (i.e. cellulitis) and a second
classification option (i.e., pseudocellulitis), and the classifi-
cation model may then be applied to the thermal detection
and spectral data to identify the soft tissue condition in the
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region of interest as corresponding to the first classification
option or the second classification option.

[0062] Suitable input spectral data for the classification
model may include one or more parameter from the spectral
data, such as a spectral ratio, a blood oxygenation level,
and/or a capillary refill time. The blood oxygenation level is
typically calculated by the computer system 100 by taking a
ratio of the deoxyhemoglobin peak at a spectral absorption
of 556 nm and the oxygemoglobin absorption at a spectral
absorption of 549 nm.

[0063] Suitable input thermal detection data for the clas-
sification model may include one or more parameter from
the thermal detection data, such as a temperature difference
between an affected area and an unaffected area, or a ratio
defined by the temperature difference between the affected
area and the unaffected area divided by a temperature in the
unaffected area (e.g., a normalized temperature difference).
In some aspects the computer system 100 may identify the
maximum temperature in the affected area, and use the
maximum temperature in the affected area while calculating
the temperature differences above. In one non-limiting
example, the thermal detection system 212 may be config-
ured to acquire a temperature difference from an external
surface of a patient, such as an affected region and an
unaffected region. In some aspects, the unaffected region
may be located on an unaffected contralateral region or an
ipsilateral unaffected region.

[0064] The classification model may include a number of
classification techniques, such as, but not limited to, deci-
sion tree classifiers, rule-based classifiers, neural networks,
support vector machines, and linear classification models,
such as a linear discriminate analysis (LDA) technique or
logistic regression. The soft tissue condition may comprise
a skin and soft tissue infection, such as cellulitis or pseudo-
cellulitis.

[0065] Spectrometer System Model:

[0066] Referring to FIG. 4, a flowchart is provided for one
implementation of a method 400 for classifying a soft tissue
condition using a spectrometer system in accordance with
the present disclosure. The method 400 begins at process
block 402 by arranging the subject and the diagnostic system
200 in a position for data acquisition. As indicated at 404,
spectral data is then acquired from the soft tissue in the
region of interest.

[0067] 1In one aspect, spectral data is acquired using the
spectrometer system 210. For example, the detector 218 may
comprise a fiber optic probe that is positioned proximate to
an affected region of the subject, and the light source 216
may irradiate the affected area through at least one illumi-
nation fiber in the fiber optic probe. The resulting reflected
and/or emitted light is then detected using at least one
detection fiber in the fiber optic probe of the detector 218.
The detected signals are then transferred to the spectrometer
214 and/or computer system 100 to generate the spectral
data. The computer system 100 then processes the spectral
data to generate one or more parameter from the soft tissue
in the region of interest.

[0068] As indicated at process block 406, the spectral data
is then used to classify a soft tissue condition in the region
of interest. In one aspect, the at least one processor 104 may
classify the soft tissue condition by using a classification
model. Similar to above, the classification model may be
built from input 102 spectral data, for example, by perform-
ing an optimization function on one or more parameter from
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the spectral data to derive a classification threshold or
pre-determined value that corresponds to a classification
option (i.e., cellulitis or pseudocellulitis). The unknown soft
tissue condition is then classified by comparing one or more
parameter from the acquired spectral data to the classifica-
tion threshold.

[0069] Suitable spectral data parameters may include, but
are not limited to a spectral ratio between a first absorption
wavelength and a second absorption wavelength, blood
oxygenation level, or capillary refill time. For example, the
at least one processor 104 may compute blood oxygenation
levels from the spectral data, which may be calculated by
taking a spectral ratio between a deoxyhemoglobin peak
(~556 nm) and an oxyhemoglobin peak (~549 nm) from the
spectral data, the at least one processor 104 may then
compare the calculated blood oxygenation level to a pre-
determined value. As will be further shown in the examples
of the present disclosure, blood oxygenation levels are an
effective parameter for classifying soft tissue conditions,
such as cellulitis or pseudocellulitis. In one non-limiting
example, blood oxygenation levels that exceed 1.012 in the
region of interest may be classified as cellulitis, while blood
oxygenation levels that are lower than 1.012 in the region of
interest may be classified as pseudocellulitis. As indicated
by process block 408, a report may then be generated that
includes the classification of the soft tissue condition. The
report may be generated and displayed using the computer
system 100.

[0070] Thermal Detection System Model:

[0071] Referring to FIG. 5, a flowchart is provided for one
implementation of a method 500 for classifying a soft tissue
condition in a region of interest of a subject using a thermal
detection system in accordance with the present disclosure.
The method 500 begins at process block 502 by arranging
the subject and the diagnostic system 200 in a position for
data acquisition. As indicated at 304, thermal detection data
1s then acquired from the soft tissue in the region of interest.
[0072] In one aspect, thermal detection data is acquired
using the thermal detection system 212. For example, one or
more thermal sensor 620 may be configured proximate to the
soft tissue to detect infrared radiation. The detected signals
may then be processed by the thermal detection system 212
and/or computer system 100 to generate the thermal detec-
tion data. The thermal detection data is then used to generate
one or more parameter from the thermal detection data.
[0073] As indicated at process block 506, the thermal
detection data is then used to classify a soft tissue condition
in the region of interest. In one aspect, the at least one
processor 104 may classify the soft tissue condition by using
a classification model. In some aspects, the classification
model may be built from the input 102 thermal detection
data to derive a classification threshold or a “known”
pre-determined value that corresponds to a classification
option. The at least one processor 104 then compares one or
more parameter from the input 102 thermal detection data to
the classification threshold or pre-determined value to clas-
sify the soft tissue as corresponding to a classification option
(i.e., cellulitis or pseudocellulitis).

[0074] Suitable thermal detection parameters may include,
but are not limited to a temperature difference between the
affected and unaffected area, or a ratio defined by a tem-
perature difference between the affected and unaffected area
divided by the unaffected area. As indicated by process
block 508, a report may then be generated that includes the
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classification of the soft tissue condition. The report may be
generated and displayed using the computer system 100. In
one non-limiting example the soft tissue condition may
comprise a skin and soft tissue infection, such as cellulitis or
pseudocellulitis.

[0075] Referring particularly now to FIGS. 6-7, an
example of a diagnostic system 600 is illustrated that can
implement the methods described in the present disclosure.
The diagnostic system 600 generally includes a spectrometer
614 and a thermal detection system 612, 620. The spectrom-
eter 614 and the thermal detection system 620 may be
configured to form a mobile device attachment 626 that is
adapted to receive a mobile device 602. Additionally, or
alternatively, the thermal detection system 612 may utilize
components, such as lenses 613, that are an integral part of
the mobile device 602. In the case of the mobile device
attachment 626, the mobile device 602 is communicatively
coupled to the spectrometer 614 and the thermal detection
system 612 which may take the form of any suitable
communicative connection, whether wired, wireless, or a
combination of both, such that the mobile device may
receive and send information with the spectrometer 614 and
the thermal detection system 612. The diagnostic system 600
may further include a detector 618 in the form of a fiber optic
probe that is communicatively coupled to the spectrometer
614 and the light source 616. The fiber optic probe may be
configured with one or more illumination fiber that is
configured to transfer irradiation from the light source 616
to the soft tissue in the region of interest. The fiber optic
probe may further include at least one detection fiber that is
configured to transfer at least a portion of light that is
reflected or emitted from the region of interest to the detector
618 for collection of the spectral data. The collected spectral
data may be transferred to the spectrometer 614 and/or to a
processor in the mobile device 602 for processing.

[0076] In one aspect, the one or more lenses 613 in the
mobile device 602 may include a light source, such as white
light LED, and camera that may be used to generate the
spectral data by irradiating the region of interest at one or
more wavelength using the light source in the one or more
lenses 613 and acquiring at least a portion of light reflected
or emitted from the region of interest using the camera
configured within the one or more lenses 613.

[0077] In general, the thermal detection system 612 may
include one or more thermal sensors 620, an optical element
622 for acquiring imaging data, and/or an actuator 623. In
one aspect, the one or more thermal sensor 620 may be
configured to acquire thermal detection data by detecting
infrared radiation from the soft tissue in the region of
interest. The one or more actuator 623 may be used to adjust
the focus of the acquired thermal detection data or thermal
image data. For example, the one or more actuator may
move optical element 622 (i.e., lens), the one or more
thermal sensor 620, and other components to focus and
defocus the thermal detection data or image, as desired. The
mobile device 602 may be used to control the thermal
imaging system 612 and the spectrometer system (spectrom-
eter 614, fiber optic probe 618, and light source 616) in the
same or similar fashion as described with respect to FIGS.
1-5.

Examples

[0078] The following examples set forth, in detail, ways in
which the present disclosure may be used or implemented,
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and will enable one of ordinary skill in the art to more
readily understand the principles thereof. The following
examples are presented by way of illustration and are not
meant to be limiting in any way.

Diffuse Spectroscopy and Thermal Detection
Example

[0079] A study was conducted to validate the diagnostic
system 200, where all patient selection and diagnosis in the
study was approved by Partners Institutional Review Board
(IRB). Adult patients (1.8 years) seen in the Massachusetts
General Hospital (MGH) emergency department (ED) with
a presumed diagnosis of cellulitis assessed by an ED phy-
sician were included after written informed consent was
obtained. Patients were excluded if pregnant, a known
prisoner, or decisionally impaired. Exclusion criteria
included: post-operative site infection (<4 weeks post-op-
eration), hardware/line infection, abnormal vital signs (tem-
perature>100.4° F., pulse>100 bpm), animal/human bite,
radiographic evidence of abscess/osteomyelitis, or exposure
to intravenous antibiotics for >24 hours. As shown in FIG.
8, 606 consecutive patients were screened for eligibility and
30 patients were enrolled, which left 576 patients excluded.
The 30 patients were then given a dermatology consultation
where 21 were diagnosed with cellulitis and 9 (30%) were
diagnosed with pseudocellulitis. Thermal images and diffuse
reflectance spectroscopy (DRS) data were obtained for all 30
enrolled patients. Patient disposition was determined by the
ED and medicine teams.

[0080] Data were securely managed using REDCap Elec-
tronic Data Capture tools. Baseline patient demographics
were recorded from direct medical history or chart review,
including: age, gender, and race. All patients enrolled had
dermatology consultation and final diagnosis of cellulitis or
pseudocellulitis was rendered by a board-certified derma-
tologist. All patients were called or evaluated at a subsequent
dermatology office visit within 2 weeks following discharge
to assess outcome. If not improved and/or their symptoms
suggested an alternate diagnosis, the patient’s diagnosis was
re-categorized.

[0081] The skin spectra were captured with a USB2000
optic fiber spectrometer (Ocean Optics, Dunedin, Fla.), a
broadband light source (HL-2000, Ocean Optics, Dunedin,
Fla) and a reflectance fiber probe (QR600-7-SR-125F,
Ocean Optics, Dunedin, Fla.). The reflectance probe in
contact with the skin consisted of one detection fiber sur-
rounded by 6 illumination fibers, with center to center
separation of 0.7 mm and core diameter of 0.6 mm. Inte-
gration time was 10 milliseconds. The probe was placed
touching the affected skin of the patient without downward
pressure. The spectra were normalized to the spectrum of the
light source, which was captured using Spectralon reflec-
tance standard (WS-1-SL, Ocean Optics, Dunedin, Fla.)
without the probe touching the standard.

[0082] The ratio of the spectral intensity at the 556 nm
deoxyhemoglobin peak to that of the 542 nm oxyhemoglo-
bin peak (‘spectral ratio”) was calculated. For a fixed scat-
tering and blood volume, this ratio would tend to be higher
for higher blood oxygen saturations. The mean spectral
ratios were compared using a two-sided student t-test at a
significance level of 0.05. To determine the best spectral
ratio threshold for classification, a logistic regression was
calculated using R statistical software (version 3.2.2). The
logistic regression returns a sigmoid model which assigns to
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each ratio a probability of cellulitis. The ROC curve and
AUC were subsequently generated.

[0083] Skin temperature was measured at the point of
maximal temperature on the affected body part as deter-
mined by localizing the warmest area on the live thermal
image. Unaffected skin surface temperature of the exact
corresponding region of the contralateral body part was
measured (FIG. 9). In cases where affected skin was present
bilaterally, unaffected skin surface temperature of the ipsi-
lateral proximal extremity was imaged. All temperature
measurements were taken within 24 hours of ED presenta-
tion. Measurements were taken with a thermal imaging
camera, which takes thermal images with temperature mea-
surements between -20° C. and 120° C. without contacting
the object. This smartphone attachment detects temperature
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exhausted (total of 215,460 different sets). Finally, the
average classification performance is calculated.

[0085] Results: all patients were seen in dermatology
consultation and a diagnosis of cellulitis or pseudocellulitis
was rendered by the dermatologist. Of 30 patients, 21/30
(70%) were diagnosed with cellulitis and 9/30 (30%) were
diagnosed with pseudocellulitis (FIG. 8). This misdiagnosis
rate is consistent with prior studies. Given dermatologists
have been suggested as the ‘gold standard’ for cellulitis
diagnosis, these dermatology-validated diagnoses were used
to build the predictive models. The median patient age was
53.6 years old (IQR 38.8-67.3). The study group was com-
prised of 18 men (60%) and 12 women (40%). There was a
statistically significant difference in age but not race
between patients with cellulitis compared to those with
pseudocellulitis, as shown in Table 1.

TABLE 1

Baseline patient demographics for patient with cellulitis and pseudocellulitis;

IOR: interguartile range.

Cellulitis Pseudocellulitis

Total (n = 30) n=20) (n=9) p-value
Age, mean (IQR) 53.56 (38.84-67.28) 481 (329-5847) 6629 (6475-76.25.6) 0.013
Gender, 1 (%) 0.051
Male 18 (60%) 15 (71%) 3 (33%)
Female 12 (40%) 6 (29%) 6 (67%)
Race, n (%) 0.59
White 25 (84%) 17 (81%) 8 (89%)
Asian or 1(3%) 1 (5%) 0 (0%)
Pacific Islander
American Indian 0 (0%) 0 (0%) 0 (0%)
Black 1(3%) 1 (5%) 0 (0%)
Hispanic 3 (10%) 2 (9%) 1 (11%)

differences as small as 0.1° C. The camera was held approxi- [0086] Spectra of the affected skin area were assessed by

mately 30 centimeters from the skin. The consulting derma-
tologist was blinded to the thermal images, and had no
access to the photos until reviewing them for quality. During
quality control, images were coded and reviewers blinded to
final diagnosis. The temperature difference (affected minus
unaffected) were calculated.

[0084] A linear classifier was calculated for the thermal
differences and the spectral ratios using a linear discriminate
analysis (LDA) technique. This technique returns the slope
and the intercept of the line that best separates the two
groups (cellulitis and pseudocellulitis) in the thermal differ-
ence and spectral ratio scatter plot (FIG. 10). By changing
the intercept of the line, optimal sensitivity and specificity of
the classifier can be selected. A receiver operating charac-
teristic (ROC) curve and area under the curve (AU C) of this
model was generated. We used cross-validation (stratified
‘leave-p-out’ technique, p=6) to predict the model’s future
generalizability. In this approach, 6 observations (validation
set) are randomly removed from the dataset and the remain-
ing 24 (training set) are used to build the LDA classifier.
Once the classifier is calculated, it is used to predict the class
membership of the observations on the validation set. The
prediction is compared to the actual diagnosis. This is
repeated for a different random validation set. Only valida-
tion sets in which the ratio of cellulitis to pseudocellulitis
observations is the same as in the population (4:2, given
70% of the cases are expected to be cellulitis) are kept. The
process is repeated until all possible validation sets are

ratiometric analysis of the spectral intensity at the 556 nm
deoxyhemoglobin peak to that of the 542 nm oxyhemoglo-
bin peak (‘spectral ratio”). Given a fixed scattering and blood
volume, a higher ratio suggests higher blood oxygen satu-
rations. In cellulitis, the mean of the spectral ratios was
significantly higher compared to patients with pseudocellu-
litis (1.0736 [95% CI 1.0536-1.0936] vs 1.0159 [95% CI
0.9849-1.0469], p=0.0048, Table 2). Table 2 shows spectral
ratios for patients with cellulitis and pseudocellulitis. Spe-
cifically, Table 2 shows a mean of the spectral ratio between
556 nm (deoxyhemoglobin peak) to 542 (oxyhemoglobin
peak) that was calculated for the affected skin in patients
with cellulitis and pseudocellulitis. The mean spectral ratios
were compares using a two-sided student t-test at a signifi-
cance level of 0.05. This suggests the spectral ratio is a
useful metric in discriminating cellulitis from pseudocellu-
litis.

TABLE 2

Cross-validation of the Dual Parameter Model.

Ratio 556/542 nm Cellulitis Pseudocellulitis
Mean 1.0736 1.0159
sD 0.0472 0.0473
N 21 9
[0087] A classification threshold was determined using

logistic regression for predicting cellulitis based on the
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spectral ratio alone (FIG. 10). According to this model, a
spectral ratio of 21.012 cotresponded to a 50% probability
of cellulitis and, using this threshold, the spectral ratio
model alone has a classification sensitivity of 86%, speci-
ficity of 56%, positive predictive value (PPV) of 82%,
negative predictive value (NPV) of 63%, and accuracy of
77%. For comparison, the standard of care clinical diagnosis
(classifying all patients as cellulitis with an expected 30%
misdiagnosis rate) has an accuracy of 70%. While this
spectral ratio model alone demonstrates an improvement
over standard of care, we assessed whether a dual parameter
predictive model using both the skin temperature and spec-
tral ratio could provide higher accuracy.

[0088] Measuring the skin temperature difference between
affected and unaffected skin can differentiate cellulitis from
pseudocellulitis with an accuracy of approximately 82.5%.
Combining this skin temperature difference with the spectral
ratio in a scatter plot, it is observed that the cellulitis cases
cluster towards the upper right quadrant, while pseudocel-
lulitis cases cluster towards the lower left quadrant (FIG.
11). Using linear discriminant analysis (LDA) to create a
new classifier, a higher accuracy was demonstrated com-
pared to using either the temperature difference or spectral
ratio predictive models alone, with sensitivity of 95.2%,
specificity of 77.8%, PPV of 90.9%, NPV of 87.5%, and
accuracy of 90.0%. The receiver operating characteristic
(ROC) curve for both the spectral ratio alone and the dual
parameter model are shown in FIG. 12, where the AUC for
the dual parameter model is 0.97.

[0089] To validate the dual parameter model in the
absence of a separate validation set, a leave-p-out' cross-
validation was performed. The average result of the cross-
validation predicts an accuracy classification of 86.8% for
future samples (Table 3). Table 3 shows a stratified leave-
p-out' technique (p=6) used to predict the model’s future
generalizability. A total of 215,460 different sets were used.
The average classification performance is presented as a
mean and standard deviation (SD).

TABLE 3

Cross-validation of the dual parameter model.

Statistic Mean SD

Accuracy 0.8681 0.1280
Sensitivity 0.9138 0.1347
Specificity 0.7766 0.2790
Positive predictive value 0.9054 0.1166
Negative predictive value* 0.8611 0.2181

[0090] Using a combined model of skin temperature and
DRS differentiates cellulitis from pseudocellulitis with an
accuracy of 90%. Using our defined ratiometric threshold, a
ratio higher than =1.012 from the affected area of skin
suggests a diagnosis of cellulitis. While this classifier alone
demonstrates improved accuracy compared to clinical diag-
nosis, there is significant improvement when the additional
classifier of temperature difference. A higher temperature
difference suggests a diagnosis of cellulitis. The combined
dual parameter model has a very high AUC (0.97)-more
than both the spectral ratio (0.80) and temperature difference
(0.86) alone-indicating a greater utility in predicting cellu-
litis.

[0091] Cellulitis is primarily managed by primary care,
ED, or internal medicine. While dermatology or infectious
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disease consultation improves diagnostic accuracy, the
potential demand far outweighs supply. Given no objective
diagnostic tools exist for cellulitis, this dual parameter
classification technique could improve diagnostic accuracy
in the absence of dermatology consultation.

[0092] In order to validate the results given the sample
size, a cross-validation with a leave-p-out' technique was
used. This technique uses the ‘p’ observations as the vali-
dation set and the remaining observations as the training set.
This is repeated until all possible validation sets are
exhausted. The main assumption for this technique is that
the observations in our dataset are representative of the
overall population. In this study, the misdiagnosis rate (30%)
aligns with findings in previous studies, suggesting it is
representative. With the leave-p-out' technique, when the ‘p’
is large, the cross-validation tends to be overly pessimistic,
therefore we selected p=6 (20%) as a compromise with a
reasonable number of possible combinations (total of 215,
460 different sets). The predicted PPV (90.5%) and accuracy
(86.8%) of our cross-validation (Table 3) predicts the per-
formance for future samples in the general population, and
demonstrate improved performance compared to standard of
care.

[0093] One possible advantage of using thermal imaging
alone to diagnose cellulitis is that it is not impacted by skin
melanin content, which can obscure the visual perception of
underlying erythema in darker skin types. While DRS iden-
tifies absorption characteristics of multiple skin param-
eters—including melanin, water, lipids, and others—ratio-
metric method presented herein highlights data from the
deoxygenated and oxygenated hemoglobin peaks, canceling
out contributions from other skin components which do not
significantly contribute to absorption at the specified wave-
lengths (556/542 nm). In addition, the scattering component
is compensated by choosing two wavelengths close together.
As a result, DRS findings are broadly generalizable to
patients of all skin types and may be more accurate than
clinical observation alone.

[0094] It is also contemplated that a near-infrared ratio-
metic approach may be used as well. The near-infrared
ratiometric approach probes deeper into the dermis com-
pared to the green wavelengths used. Further, more sophis-
ticated measurements such as diffuse optical spectroscopy
are contemplated in the present disclosure as well. The data
presented herein strongly suggests that the simple two-
wavelength measurement of diffuse reflectance is sufficient;
however using multiple wavelengths (i.e., greater than two)
could be used in the classification model as well. Imple-
mentation of our dual parameter technique to diagnose
cellulitis can be easy and inexpensive. While this study
utilized sophisticated equipment for both the temperature
and spectral measurements, simpler instruments could be
used.

[0095] The results of the current study demonstrate that
spectral ratios from DRS combined with skin temperature
can accurately differentiate soft tissue conditions, such as
classifying cellulitis from pseudocellulitis. Spectroscopy
and thermal imaging are easy to use, low-cost, and non-
invasive, and this dual parameter model may reduce cellu-
litis misdiagnosis, unnecessary hospitalization, antibiotic
overuse, and healthcare costs.



US 2020/0121243 Al

Thermal Imaging System Example

[0096] A study was conducted with adult patients (>18
years old) seen in the Massachusetts General Hospital
(MGH) Emergency Department (ED) in Boston, Mass. with
a presumed diagnosis of cellulitis were included in this
study. Patients were excluded if they were pregnant, a
known prisoner, or decisionally impaired. As shown in FIG.
13, approximately 725 patients were screened for eligibility
and 73 patients were enrolled, leaving 652 excluded from
the study. The study screening shown in FIG. 13 was part of
a larger randomized control study, the goal of which was to
determine the role of dermatologic consultation on outcomes
of patients with presumed diagnosis of cellulitis. Seventy-
three patients were randomized in a 1:1 ratio using a random
number generator, 40 of whom were seen by dermatology
consultation and 33 of whom were randomized to standard
of care (management by ED and medicine teams). One
patient from the standard of care cohort was withdrawn from
further analysis due to poor image quality. Of the patients
seen by a dermatology consultation, 29 (72%) were diag-
nosed with cellulitis and 11 (28%) were diagnosed with
pseudocellulitis. Of the patients seen by the standard of care
(management by ED and medicine teams), 24 were diag-
nosed with cellulitis and 8 were diagnosed with pseudocel-
lulitis. Partners Healthcare Institutional Review Board
approval was obtained for this study.

[0097] In addition, patients with any of the following were
excluded: post-operative site infection (less than 4 weeks
post-operation), hardware or line infection, abnormal vital
signs (body temperature>100.4° C., pulse>100), animal or
human bite, or radiographic evidence of abscess or osteo-
myelitis.

[0098] Baseline patient demographics were recorded for
every patient who enrolled, either from direct medical
history or from chart review. These included: age, gender,
past medical and surgical history, and assessment of cellu-
litis risk factors (i.e. chronic lymphedema, tinea pedis,
onychomycosis, type II diabetes, history of trauma, end
stage renal disease, active cancer, HIV/AIDs, neutropenia,
and immunosuppressive medications). The final discharge
diagnosis for each patient was also recorded. In the cohort
randomized to dermatology consultation, diagnosis was
made by a board-certified dermatologist. In the cohort
managed by standard of care, patients who were discharged
with a diagnosis of cellulitis were categorized as having
cellulitis, while those who were given an alternative diag-
nosis during hospitalization, discharge, or within 30 days of
discharge were considered to have pseudocellulitis.

[0099] Skin surface temperature was measured at the point
of maximal temperature on the affected body part as deter-
mined by localizing the warmest area on the live thermal
image. Subsequently, unaffected skin surface temperature of
the exact corresponding region of the contralateral body part
was measured (FIG. 14 and FIG. 15). In cases where affected
skin was present bilaterally, unaffected skin surface tem-
perature of the ipsilateral proximal extremity was imaged.
All temperature measurements were taken within 24 hours
of ED presentation. Measurements were taken with a ther-
mal camera that enables thermal images and temperature
measurements to be taken between -20° C. and 120° C.
without contacting the object. This light-weight device
attaches to a smartphone and can detect temperature differ-
ences as small as 0.1° C. The camera was held approxi-
mately 30 centimeters from the skin surface. For each
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patient, the same health care worker took both photos, one
on the affected skin area and the other unaffected skin area.
[0100] The physician who made the final diagnosis for
each patient was blinded to the thermal imaging measure-
ments in the study and had no access to the photos until
reviewing them for quality control. During quality control,
photos were coded and reviewers were blinded to final
diagnosis. For three patients, in which the temperature was
not recorded on the thermal image directly, an application
tool in the thermal imaging camera was employed to assess
the image’s temperature reading. In addition, the application
tool was used to find the maximal temperature per anatomic
subunit for all images of the affected skin to validate the
localization of the warmest spot on the live thermal image as
determined by the imagers.

[0101] All study data were securely collected and man-
aged using REDCap Electronic Data Capture tools hosted at
Massachusetts General Hospital and analyzed using SAS 9.4
(SAS, Cary, N.C.). Average skin temperatures in the affected
and unaffected areas were obtained for those with final
diagnosis of cellulitis and those with pseudocellulitis. The
difference in these averages was calculated within each
group of patients as well as between the two groups. 95%
confidence intervals were obtained using the percentile
method for these differences based on 10,000 bootstrap
samples. A two-sided t-test was used to test for the statistical
significance of the group difference at a significance level of
0.05.

[0102] The receiver operating characteristic (ROC) curve
and area under the curve (AUC) were obtained based on the
patients in the dermatology consultation cohort (n=40) (FIG.
16). Subsequently, logistic regression was employed on the
imaging data of this group to develop predictive models, as
prior studies have shown that dermatology consultation has
high diagnostic accuracy for cellulitis. Two models were
created via logistic regression; the first (Model 1) quantifies
the probability of cellulitis diagnosis 1700 or the identifi-
cation of pseudocellulitis 1702 based on the temperature
gradient between affected and unaffected skin, as shown in
FIG. 17. Model 2 determined probability of cellulitis diag-
nosis 1800 or the identification of pseudocellulitis 1802
based on the temperature gradient as a percentage of the
unaffected skin temperature (FIG. 18). Subsequently, the
two models were analyzed for the ability to accurately
predict the ultimate diagnosis of the cohort managed by
standard of care (n=32).

[0103] Of 72 enrolled and included patients (FIG. 13), the
median patient age was 58.7 years old (interquartile range:
44.5-73.9). The study group was comprised of 43 men
(59.7%) and 29 women (40.3%) (FIG. 19). There were no
significant differences in baseline demographics between the
two randomized groups (FIG. 20). There were no significant
differences in risk factors between patients diagnosed with
cellulitis compared to those diagnosed with pseudocellulitis
(FIG. 19). The most common site of cellulitis infection was
the lower extremity (81%), with 10% affecting the upper
extremity, 6% the head and neck, and 3% the trunk.
[0104] Among study participants, 40 were randomized to
dermatologic consultation and 32 were randomized to stan-
dard of care (management by ED or medicine team). Within
the cohort randomized to dermatology consultation, 29/40
patients (72%) were diagnosed with cellulitis, while 11/40
patients (28%) were diagnosed with pseudocellulitis. Of the
patients randomized to standard of care, 24/32 (75%)
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patients were discharged with a diagnosis of cellulitis, while
8/32 (25%) patients were discharged with a diagnosis of
pseudocellulitis. Alternative diagnoses in both groups can be
found in FIG. 21. There were no adverse events in either
group.

[0105] Skin temperatures were analyzed of the 40 patients
randomized to dermatology consultation. In patients with
cellulitis, the average temperature of the affected area was
34.1° C., and the unaffected area was 30.4° C., yielding a
difference of 3.7° C. (95% CI 2.7-4.8° C., p=0.00001). In
patients diagnosed with pseudocellulitis, the average tem-
perature of the affected area was 31.5° C. and the unaffected
area was 31.3° C,, yielding a difference of 0.2° C. (95%
CI-1.1-1.5° C., p=0.44) (FIG. 22). Difference in the affected
skin temperature between patients with cellulitis and
pseudocellulitis was statistically significant (2.6° C., 95%
CI: 0.7-4.6 p=0.008), as was the temperature difference in
temperature gradients (3.5 C, 95% CI: 1.9-5.2, p=0.002)
(FIG. 22).

[0106] Receiver operating characteristic (ROC) curve and
area under the curve (AUC) were calculated based on
temperature differences between affected and unaffected
skin for patients in the dermatology consultation cohort
(n=40) (FIG. 16). The AUC was 0.857. Logistic regression
was employed to create classification models for predicting
cellulitis based on skin surface temperature measurements of
this cohort (FIG. 17). We chose to present a classification
model which predicted cellulitis diagnosis from temperature
difference between affected and unaffected skin, and found
that a temperature difference of 0.47° C. corresponded to a
50% probability of cellulitis (FIG. 17). In the cohort ran-
domized to dermatology, using this temperature threshold to
diagnosis cellulitis confers a sensitivity of 96.6%, specificity
of 45.5%, positive predictive value (PPV) of 82.4%, nega-
tive predictive value (NPV) of 83.3%, and accuracy of
82.5% (FIG. 23 and FIG. 24).

[0107] Another model predicted cellulitis by temperature
gradient as a percentage of the unaffected skin temperature.
Using a threshold temperature difference of 1.35% of the
affected skin temperature produced analogous results to
Model 1 (FIG. 25 and FIG. 26). Both classification models
have corresponding formulas which predict the probability
of cellulitis diagnosis based on a patient’s temperature
gradient (FIG. 26). The cohort randomized to standard of
care was used to validate Model 1. As such, using a
temperature gradient of 0.47° C. as predictive of cellulitis,
100% of cellulitis cases (24/24) and 50% (4/8) of pseudo-
cellulitis cases were correctly identified (FIG. 23 and FIG.
24). The model exhibited a PPV of 85.7%, NPV of 100%,
and accuracy of 87.5%.

[0108] This study evaluated the use of objective skin
surface temperature measurements to differentiate cellulitis
from pseudocellulitis. Previous literature demonstrates a
misdiagnosis rate of over 30% in patients with presumed
cellulitis. Cellulitis misdiagnosis comes at significant cost to
the healthcare system including overuse of antibiotics,
unnecessary hospitalizations, and complications from inap-
propriate treatment. The cost of admission for misdiagnosed
lower limb cellulitis alone is estimated at $195 million to
$515 million in avoidable healthcare spending annually.
Because involvement of dermatologists and infectious dis-
ease physicians has been shown to improve diagnostic
accuracy and treatment, some consider the gold standard of
cellulitis diagnosis to be recognition by these specialists,
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however the majority of cellulitis cases are seen and man-
aged exclusively by primary care, emergency medicine or
internal medicine physicians. This study offers a low cost,
point of care, objective data point that may augment clinical
decision making and potentially decrease the misdiagnosis
rate.

[0109] These results indicate that not only is the affected
skin temperature in cellulitis significantly higher than in
pseudocellulitis (34.1 vs. 31.5° C., p=0.008), but also that
the temperature gradient between affected and unaffected
sites in patients with cellulitis is significantly higher than in
patients with pseudocellulitis (3.5° C., 95% CI 1.9-5.2,
p=0.002). The ROC curve and high AUC (0.857) of the
dermatology consultation cohort further suggests that skin
surface temperature difference is a useful test in predicting
cellulitis.

[0110] Logistic regression was utilized on this cohort to
develop a classification model to predict cellulitis. Using the
temperature gradient between affected and unaffected skin
of 20.47° C., 100% of cellulitis patients and 50% of pseudo-
cellulitis patients could be accurately diagnosed within the
standard of care cohort. This temperature gradient was
chosen because it occurs at a natural inflection point at
which cellulitis becomes the more likely diagnosis (i.e.
probability equals 50%). Though imperfect, this threshold
was chosen because of its high sensitivity (96.6%), as
treating true cellulitis with antibiotics is a clinical priority
and is perhaps more pertinent than identifying every case of
pseudocellulitis. Given the test’s specificity, we recognize
that clinicians would still be treating approximately 50% of
pseudocellulitis inappropriately with antibiotics, however,
misdiagnosis would be reduced from the current 100%.
[0111] The 40 patients randomized to dermatology con-
sultation were found to have pseudocellulitis at a rate of
28%, which aligns with findings in previous studies esti-
mating misdiagnosis at 30%. In theory, employing this
model of thermal imaging would halve that rate. Thus, these
data suggest that in patients with temperature gradients of
<0.47° C., alternative diagnoses should be investigated and
clinicians should consider withholding antibiotics. Tt is
anticipated that thermal imaging would be utilized along
with other clinical and laboratory factors to further improve
diagnostic accuracy.

[0112] The present disclosure demonstrates that skin tem-
perature thresholds offer the ability to differentiate these
clinical entities and therefore potentially decrease misdiag-
nosis of cellulitis. This is particularly pertinent since primary
care and urgent care physicians, rather than dermatologists
or infectious disease specialists, may be more often called
upon to diagnose SSTIs and may benefit from a concrete,
point-of-care data point to supplement their clinical intu-
ition.

[0113] Cellulitis is costly, and studies suggest that its
prevalence has increased in the past two decades. The results
of this study indicate that skin surface temperature via
thermal imaging is a useful metric in differentiating cellulitis
from pseudocellulitis. Thermal imaging for the diagnosis of
cellulitis has the potential to improve patient care, decrease
healthcare cost, and facilitate antibiotic stewardship.
[0114] The present disclosure has described one or more
preferred embodiments, and it should be appreciated that
many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.
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1. A diagnostic system comprising:
a spectrometer system configured to irradiate a soft tissue
within a region of interest of a subject, and configured
to generate spectral data by acquiring at least a portion
of the reflected or emitted light from the region of
interest;
a thermal detection system comprising at least one ther-
mal sensor that is configured to acquire thermal detec-
tion data from the region of interest;
a computer system communicatively coupled to the ther-
mal detection system and the spectrometer system, and
wherein the computer system is programmed to:
control the spectrometer system to generate the spectral
data by irradiating the region of interest at one or
more wavelength, and acquiring at least a portion of
light reflected or emitted from the region of interest;

control the thermal detection system to acquire the
thermal detection data from the region of interest
using the at least one thermal sensor;

utilize one or more parameter from the thermal detec-
tion data and the spectral data in a classification
model that classifies the soft tissue in the region of
interest as corresponding to a soft tissue infection;
and

generate a report that includes a classification of the
soft tissue infection or a plurality of parameters
indicative of the soft tissue infection.

2. The diagnostic system of claim 1 wherein the soft tissue
comprises skin and wherein the computer system is further
programmed to utilize the one or more parameter from the
thermal detection data and the spectral data in the classifi-
cation model to differentiate cellulitis and pseudocellulitis,
and wherein the report includes at least one of a classifica-
tion of cellulitis or pseudocellulitis or a plurality of param-
eters indicative of cellulitis or pseudocellulitis.

3. The diagnostic system of claim 1 wherein computer
system comprises a mobile device that includes at least one
of a phone, a tablet, or a portable computer.

4. The diagnostic system of claim 3 wherein the thermal
detection system and the spectrometer system are configured
to form a mobile device attachment that is adapted to receive
and become communicatively coupled to the mobile device.

5. The diagnostic system of claim 1 wherein the computer
system is further programmed to generate the one or more
parameter from the spectral data to utilize in the classifica-
tion model, wherein the one or more parameter is selected
from a spectral ratio, a blood oxygenation level, and a
capillary refill time.

6. The diagnostic system of claim 5 wherein the computer
system is further programmed to calculate the blood oxy-
genation level from the spectral data by calculating a spec-
tral ratio between a deoxyhemoglobin peak and an oxyhe-
moglobin peak.

7. The diagnostic system of claim § wherein the computer
system is further programmed to calculate the deoxyhemo-
globin peak at a spectral absorption of 556 nm and the
oxyhemoglobin peak at a spectral absorption of 549 nm.

8. The diagnostic system of claim 1 wherein the computer
system is further programmed to control the thermal detec-
tion system to acquire thermal detection data using the
thermal sensor from an affected region and an unaffected
region.

9. The diagnostic system of claim 8 wherein the computer
system is further programmed to generate the one or more
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parameter from the thermal detection data to utilize in the
classification model, wherein the one or more parameter is
selected from a temperature difference between the affected
area and the unaffected area, and a temperature ratio
between the affected area and the unaffected area.
10. The diagnostic system of claim 9 wherein the com-
puter system is further programmed to generate the tem-
perature difference between a maximum temperature in the
affected region and a temperature in the unaffected region.
11. The diagnostic system of claim 9 wherein the com-
puter system is further programmed to generate the tem-
perature ratio by taking the temperature difference between
the affected region and the unaffected region and dividing
the temperature difference by a temperature in the unaffected
region.
12. The diagnostic system of claim 9 wherein the unaf-
fected region of interest is located on an ipsilateral region or
a contralateral region of the subject.
13. The diagnostic system of claim 1 wherein the com-
puter system is further programmed to fit the classification
model to the one or more parameter from the thermal
detection data and the spectral data to generate a classifica-
tion threshold, wherein the classification threshold is used to
differentiate a first classification option and a second clas-
sification option for the soft tissue within the region of
interest of the subject.
14. The diagnostic system of claim 14 wherein the clas-
sification model comprises a linear classifier.
15. The diagnostic system of claim 14 wherein the com-
puter system is further programmed to fit the linear classifier
using a blood oxygenation level from the spectral data and
a temperature difference from the thermal detection data to
generate a classifier slope and a classifier intercept and
wherein the classifier slope and classifier intercept are
utilized to determine the classification threshold.
16. The diagnostic system of claim 1 wherein the com-
puter system is further programmed to control the spectrom-
eter system to irradiate the soft tissue using at least one
illumination fiber in a fiber optic probe, and to acquire the
reflected or emitted light using at least one detection fiber in
the fiber optic probe to generate the spectral data.
17. A diagnostic system comprising:
a spectrometer system comprising a light source config-
ured to irradiate a soft tissue within a region of interest
of a subject, and a detector configured to acquire at
least a portion of light that is reflected or emitted from
the region of interest;
a computer system communicatively coupled to the spec-
trometer system, and wherein the computer system is
programmed to:
control the spectrometer system to generate the spectral
data by irradiating the region of interest at one or
more wavelength, and acquiring at least a portion of
the light that is reflected or emitted from the region
of interest;

utilize one or more parameter from the spectral data in
a classification model

that classifies the soft tissue in the region of interest as
corresponding to a soft tissue infection; and

generate a report that includes a classification of the
soft tissue infection or a plurality of parameters
indicative of the soft tissue infection.

18.-20. (canceled)
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21. The diagnostic system of claim 17 wherein the com-
puter system is further programmed to generate the one or
more parameter from the spectral data to utilize in the
classification model, wherein the one or more parameter is
selected from a spectral ratio, a blood oxygenation level, and
a capillary refill time.
22. The diagnostic system of claim 21 wherein the com-
puter system is further programmed to calculate the blood
oxygenation from the spectral data by calculating a spectral
ratio between a deoxyhemoglobin peak and an oxyhemo-
globin peak.
23.-25. (canceled)
26. A diagnostic system comprising:
a thermal detection system comprising at least one ther-
mal sensor that is configured to acquire thermal detec-
tion data from the region of interest;
a computer system communicatively coupled to the ther-
mal detection system, and wherein the computer sys-
tem is programmed to:
control the thermal detection system to acquire the
thermal detection data from the region of interest
using the at least one thermal sensor; and

utilize one or more parameter from the thermal detec-
tion data in a classification model to differentiate
cellulitis and pseudocellulitis; and

generate a report that includes a classification of cel-
lulitis or pseudocellulitis or a plurality of parameters
indicative of cellulitis or pseudocellulitis.

27.-41. (canceled)



patsnap

TRAFROE) PRI EA AROR R G 5 5%
NIF(2E)E US20200121243A1 K (2E)R 2020-04-23
HiES US16/500462 HiEA 2018-04-05
IRIREERFROAR) BRAEFAT
BB (E R AGE) EEBRCORPORATION
YHTBEB(ERAR)AGR) EEFCORPORATION
BRI KA A ANDERSON RICHARD R
FARINELLI WILLIAM A
KROSHINSKY DANIELA
ORTEGA MARTINEZ ANTONIO
RBAA ANDERSON, RICHARD R.
RAFF, ADAM B.
FARINELLI, WILLIAM A.
KROSHINSKY, DANIELA
ORTEGA-MARTINEZ, ANTONIO
IPCH %S AB1B5/00 A61B5/01 GO6T7/00
CPCH% S A61B5/441 A61B5/01 A61B5/0075 GO6T2207/20104 A61B5/7264 GO6T2207/20084 GO6T2207/30088

G06T7/0012 A61B2562/0271 A61B5/0077 A61B5/00

LR 62/481886 2017-04-05 US
62/504135 2017-05-10 US
62/562533 2017-09-25 US

SAEBEE Espacenet USPTO

BWE(R)

RHE—TZHRES  ATHRRENBXNEBXERNRALRR TS
Ko, ZUMRSGEEXIENRE , A ENRSREEN R RO
MNBXBFAHKREALR , FAREENBEIRIKEZNBXENED —
B RFFRSH IR LR ERIRE, ZLMREESERRNRLE
ZRARNARGEFEED —IMAMERESE  ZED - RAERREREENIMN
RMNBXERIARNEIE. REEATENRSET A AR
HIBBIERI DRER, R0 RERNA T RA A LR AT
BARRHATOE (I, NEEEAAR T REFTAL )

P SOFTWARE
! 110
B
§



https://share-analytics.zhihuiya.com/view/eb318e5f-6a05-4f7b-82cf-0872572cd042
https://worldwide.espacenet.com/patent/search/family/063712787/publication/US2020121243A1?q=US2020121243A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220200121243%22.PGNR.&OS=DN/20200121243&RS=DN/20200121243

