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Spectro-Mechanical Imaging for Characterizing Embedded Lesions

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. provisional application number
63/121,084, filed December 3, 2020, the contents of which are incorporated herein by reference

in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0002] The present disclosure relates to a system and method of spectro-
mechanical imaging for characterizing a target, specifically a tumor, embedded inside a solid
body in a non-invasive way. In particular, the present disclosure is related to methods for
estimating size and depth of a tumor based on variances in spectral properties of the tumor.
Also, the present disclosure is related to a method of estimating elastic modulus of the target

1.e., the tumor.

2. Description of Related Art

[0003] Frequent checkup of tumor progression is crucial for breast cancer
diagnosis and therapy monitoring. Currently, invasive and non-invasive methods are available
for these checkups. An invasive examination poses significant risks to the patient. Also,
resources required for the invasive examination are substantial. On the other hand, a non-
invasive examination provides an advantageous alternative in terms of risks and resources.
Imaging a tumor is one such non-invasive method. Therefore, for breast cancer diagnosis and
therapy monitoring, various imaging modalities such as anatomical imaging, quantitative
imaging, molecular imaging, and functional imaging have been used.

[0004] To quantify the tumor progression, a tumor may be characterized
anatomically and physiologically. Characterizing a tumor requires looking into its mechanical
and spectral properties. These mechanical and spectral properties change substantially as the
tumor is driven to malignancy.

[0005] The physiological condition of a tumor can be measured by the

concentrations of the primary chromophores, such as oxygenated hemoglobin, deoxygenated
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hemoglobin, water, and lipid. These chromophores possess distinct signatures in the near infra-
red window of 600-1100 nm. Therefore, spectral imaging in this window can provide
information about the physiological conditions of tumor. Because of high vascularity, breast
tumors are known to contain higher level of total hemoglobin concentrations and lower lipid
concentration than the surrounding healthy tissue. Various research groups have used spectral
imaging based on diffuse optical tomography and spectroscopy techniques to monitor these
spectral markers (chromophore concentrations). The studies have demonstrated that the
physiological characteristics vary few folds greater in cancerous tumor compared to healthy
tissue.

[0006] The mechanical properties of a tumor are another subject of interest in non-
invasive method. Size and elastic modulus vary significantly in cancerous tumor compared to
the healthy tissue. Also, studies demonstrated that the malignant breast tumors are stiffer than
surrounding healthy tissue. Based on these mechanical markers, many research groups
developed tactile sensors and systems for mechanical imaging of the breast.

[0007] Few research groups proposed imaging systems that incorporate both
mechanical and spectral imaging modalities. The usage of multi-modal imaging techniques
leads to a better characterization of a tumor. However, such systems incur the deficiency of not
providing a systematic method for detecting a boundary between a tumor and tissue region.
Therefore, tumor size estimation is important since the user needs to determine a value that
should be considered as a threshold to determine the boundary. Similar situation prevails in
determining depth of the tumor. Another aspect of the existing systems is that the quality of
their measurement is affected when the medium surrounding the tumor is too thick or too
opaque.

[0008] A spectro-mechanical imaging system is highly desirable that will provide
a systemic method for tumor boundary detection. Consequently, the systematic method can lead
to new ways of size and depth estimation. Furthermore, there is room for improvement in

extending the system’s capability in case of a deeper tumor.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Aspects of the present disclosure described herein are further described in
terms of exemplary embodiments. These exemplary embodiments are described in detail with

reference to the drawings. These embodiments are non-limiting exemplary embodiments, in
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which like reference numerals represent similar structures throughout the several views of the
drawings, and wherein:

[0010] Fig. 1 depicts an exemplary system diagram of a spectro-mechanical
imaging (SMI) system;

[0011] Fig. 2 illustrates an exemplary flow diagram for the SMI system;

[0012] Fig. 3 is an exemplary diagram for assembly of illuminating and
multimodal sensing unit;

[0013] Fig. 4 is an exemplary flow diagram for generating baseline for the
mechanical properties;

[0014] Fig. 5 shows an exemplary workflow of model training for different

mechanical characteristics;

[0015] Fig. 6 illustrates an exemplary workflow for determining tumor size;

[0016] Fig. 7 depicts an example scanning procedure diagram for size
estimation;

[0017] Fig. 8 shows an exemplary flow diagram of inhomogeneity variance

guided tumor boundary detection;

[0018] Fig. 9 shows an exemplary flow diagram of tumor depth estimation;
[0019] Fig. 10 is an example scanning procedure diagram for estimating depth;
[0020] Fig. 11 illustrates an example effective elastic modulus model for

embedded tumor inside a tissue medium;

[0021] Fig. 12 is an exemplary flow diagram for measuring effective elastic
modulus; and

[0022] Fig. 13 depicts the architecture of a computer which can be used to

implement a specialized system incorporating the present teaching.

DETAILED DESCRIPTION

[0023] The present disclosure is directed to a system and method for mechanical
and spectral characterization of an embedded tumor. Specifically, the present disclosure is
directed to a system and method for measuring mechanical properties of a tumor such as size,
depth, and stiffness using an inhomogeneity variance guided boundary detection method. The
present disclosure is also directed to a system and method for measuring spectral properties of a

tumor such as absorption and reduced scattering coefficients under compression.
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[0024] Fig. 1 shows an exemplary system diagram 100 for spectro-mechanical
imaging (SMI) according to an embodiment of the present teaching. The system 100 includes an
illuminating unit 102, a pose maneuvering unit 103, a navigation and control unit 104, a
multimodal sensing unit 110, a baseline model generating unit 120, an inhomogeneity variation
guided mechanical characterizing unit 130, and a compression-induced spectral characterizing
unit 140. By way of example, an embedded tumor may be represented by 101.

[0025] As stated above, SMI may be performed on one or more tumors, which are
embedded inside a larger solid body. The tumor may be opaque and buried under tissue. The
surrounding tissue may possess different mechanical and spectral characteristics. The tumor
may be biological or artificial. The tumor may be palpable by human hand. The illuminating
unit 102 may shine light on the suspected region i.e., a target region where the tumor is present.
The multimodal sensing unit 110 is configured to capture the reflected or scattered light from
the suspected region. At the same time, the multimodal sensing unit 110 may register a
mechanical force applied in the suspected region. The pose of the illuminating unit 102 may be
maneuvered by a pose maneuvering unit 103. The pose of an object as defined herein may
indicate both position and orientation of the object in a three-dimensional space. The navigation
and control unit 104 is configured to control the illuminating unit 102, the pose maneuvering
unit 103, and the multimodal sensing unit 110. The navigation and control unit 104 may record
the pose of the illuminating and sensing units and the wavelengths used by the illuminating unit
102. The navigation and control unit 104 may maintain the switching among different imaging
modes (e.g., spectral imaging mode and/or mechanical imaging mode as described later with
reference to Fig. 3) used by the SMI system.

[0026] The baseline model generating unit 120 may take inputs from the
multimodal sensing unit 110 and the navigation and control unit 104. The baseline model
generating unit 120 may generate a baseline model for determining mechanical properties of the
tumor. The baseline model generating unit 120 may transmit the baseline model to the
inhomogeneity variation guided mechanical characterizing unit 130 (also referred to herein as
the mechanical characterizing unit). The mechanical characterizing unit 130 may also receive
inputs from the multimodal sensing unit 110 and the navigation and control unit 104. The
outputs of the mechanical characterizing unit 130 may be size, depth, and stiffness of the probed
tumor. The inputs to the compression-induced spectral characterizing unit 140 may come from
the multimodal sensing unit 110 and the navigation and control unit 104. The outputs of the unit

140 may be the chromophore concentrations.
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[0027] Fig. 2 illustrates an exemplary flow diagram for the SMI system,
according to one embodiment of the present teaching. At step 201, a region may be palpated by
human fingers in search of an embedded tumor. The palpation may let the user know the
probable presence of the tumor(s) and help identify a suspected region. At step 202, the
suspected region may be lit using near-infrared light. There may be separate illuminating modes
for estimating spectral and mechanical properties (described next with reference to Fig. 3). At
step 203, the pose maneuvering unit may be used to manipulate the poses of the illuminating
and sensing units. At step 204, the control of the pose maneuvering unit may be performed. This
step may also comprise the illumination wavelength control, lighting mode switching, and
sensing mode switching. At step 210, multimodal sensor and motion data from healthy region
may be collected. The multimodal sensor data may be optical data such as images built from the
pixels triggered by the reflected or scattered light coming from the tumor. The multimodal
sensor data may include the force applied on the suspected region. The motion data may include
the pose and velocity of the illuminating unit and the sensing unit during scanning of tumor.
The healthy region may not contain any lump or tumor. At step 220, the baseline variance for
calculating size and depth of the tumor(s) may be determined. At step 222, a tumor stiffness
model (e.g., a regression model) may be determined from artificial phantoms. At step 230,
multimodal sensing data and motion data may be obtained from the suspected region. At step
232, the tumor size may be estimated using inhomogeneity variance guidance technique. At step
234, the tumor depth may be approximated by tracking inhomogeneity variance. At step 236,
tumor stiffness may be determined using stiffness regression model. At step 240, multispectral
optical sensor data from suspected region may be collected. At step 242, compression-induced
technique may be used for estimating spectral properties, and eventually to estimate
chromophore concentrations.

[0028] Fig 3 is a schematic view of a cross-section of the illuminating unit 102
and the sensing unit 110 (shown inside the dotted rectangle 300). Inside the unit 300, the light
emitting diodes or laser diodes 302 may be used for spectral imaging. For mechanical imaging,
the light emitting diodes 303 may be used. There may be automatic switching system between
these two types of illumination. There may be additional components to control the brightness
of the light sources, too.

[0029] For spectral imaging, a number of light sources 302 may be used.
According to one example, the number of light sources 302 used may be four. Each of these

light sources 302 can be of different wavelengths within near infrared range. Different
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chromophores show distinct characteristics for different wavelengths. Therefore, a combination
of wavelengths may need to be determined. One combination may be 650 mm, 720 mm, 870
mm, 910 mm. The appropriate criteria for determining the combination can be found in the
literature. The four LEDs or laser diodes 302 may be combined in a proximity in a casing.

[0030] For mechanical imaging, the illumination may be performed by LEDs
303. These LEDs may not have specific wavelength criteria. An optical waveguide 304 may be
used for guiding light. The waveguide may be made of a transparent elastomer. The elastomer
shape may be of cube shape. In such case, the number of LEDs 303 may be four to illuminate
the optical waveguide 304 properly. The LEDs 303 may be arranged on a single plane and each
pair of LEDs may be in line of sight of one another.

[0031] As stated above, the enclosure 300 may contain the multimodal sensing
unit. The optical components of the sensing unit may be a lens 307 and a camera 308. The
camera 308 should operate with a significant quantum efficiency in the desired spectral
window. The desired spectral window may include the wavelengths used in the illuminating
unit 102. A force measurement device 306 can be used for estimating the applied compression
force. The LEDs/laser diodes 302 and the force measurement device 306 may be placed on a
supporting transparent glass plate 305. The glass plate may be on top of the optical waveguide
304. With LEDs 303 on four sides and the supporting glass plate 305, one side of the waveguide
is not occupied by anything (i.e., a probing side of the waveguide which will pressed against the
suspected region). This side of the optical waveguide 304 may be pressed against a solid
medium 309 in which a tumor 310 is embedded. As will become apparent, the enclosure 300
may be optimally designed by re-using the components for different purposes and reducing
switching among various stages of sensing to make the SMI system more compact, more
convenient to operate, and more economical.

[0032] The mechanical image collection procedure may be as follows: the
illuminated optical waveguide 304 is pressed on to the surface of the medium 309. The camera
is focused on to the glass plate 305. If a tumor is present in the scanning area, the optical
waveguide gets deformed, which causes the light to be scattered and hit the detector in the
camera 308. As soon as this occurs, a mechanical image with the scattered light may be
constructed.

[0033] Referring to Fig. 1, the pose maneuvering unit 103 can include a multi-
axis linear stage and/or a multi-axis gimbal to provide the necessary motion to the enclosure

300 containing the illuminating unit 102 and the multimodal sensing unit 110. The motion can
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also be provided with multiple degree-of-freedom robot arm. The pose maneuvering unit 103
can include a geolocation detector or sensor which may comprise an inertial measurement unit,
a gyroscope, and an accelerometer.

[0034] Referring to Fig. 1, the baseline model generating unit 120 can establish
baselines for size and depth estimation and train the stiffness regression model. Fig. 4 illustrates
an exemplary flow diagram for baseline generation for size and depth estimation. At step 402,
one or more tissue region with no tumor may be identified by human palpation. The tissue
region may be discretized. Denote the discretization index by k. At step 404, the spectral imager
illuminating mode may be switched on, where LEDs/laser diodes 302 in Fig. 3 can be turned
on, and LEDs 303 in Fig. 3 can be turned off. Given that, there are two modes of imaging, one
is spectral imaging which utilizes LEDs/laser diodes 302 and the other is mechanical imaging
which utilized LEDs 303. Each mode is for obtain different types of information, enabling
characterization of different properties of the tumor. Under each mode, a different set of light
sources is used to emit lights onto the medium 309 so that scattered lights reflected from the
medium can be gathered. When one mode of imaging is turned on, the light sources used in the
other mode may be turned off. In some embodiments, the two modes of imaging may be
applied in a certain sequence. In some embodiments, the two modes of imaging may be applied
alternately.

[0035] At step 406, for each k-th region, #» number of diffuse optical images can
be taken. These images may be pre-processed with existing image enhancement techniques. At
step 408, the pixel intensity may be determined from the £» collected images and then the
variance may be calculated. The pixel intensity may be determined by summing up the pixel
values in the diffuse optical images. The images can be used to determine spectral property of
the probed region. The spectral property may be absorption coefficient y,. The method of
determining absorption coefficient from the diffuse optical measurement is well-known. At step
410, the variance a2 of absorption coefficients from kn diffuse optical measurement can be

computed. This value of variance can be considered as the baseline or reference value 62, i As

will become apparent, the baseline may be generated using neural or deep neural network,
which may depend on the availability of the large amount of data from multiple subjects.
[0036] Fig. 5 illustrates a workflow for training a tumor stiffness model. At step
502, the mechanical imager illuminating mode may be switched on. In this mode, the
LEDs/laser diodes 302 in Fig. 3 can be turned off, and LEDs 303 in Fig. 3 can be turned on. At

step 504, a sequence of mechanical images and corresponding compression force value may be
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collected. For training, an artificial phantom with embedded tumors with known elastic
modulus may be used. The artificial tumors may be of different sizes and embedded at different
depths of the phantom. At step 506, a regression model may be trained using the number of
pixels in the mechanical images and elastic modulus. At step 508, a regression model may be
trained using the pixel intensity of the mechanical images and elastic modulus. At step 510, a
regression model may be trained using the compression force applied during the mechanical
image collection and elastic modulus. At step 512, a regression model may be trained using the
pixel intensity change per unit compression force.

[0037] Fig. 6 illustrates the workflow of the SMI method for size estimation using
inhomogeneity variance guidance technique. At step 602, SMI may be prepared for finding an
initial position for scanning. The mechanical imager illuminating mode may be switched on.
Then the mechanical images may be collected from the suspected area. The compression forces
may be recorded, and the number of pixels in the mechanical image per unit compression force
can be measured for each location. This pixel per unit force measurement can be compared with
a threshold, which can be set by user. With this pixel per unit force measurement, the user
decides whether to apply a compression force during SMI size and depth estimation procedure.
The compression force can help reduce effective tumor depth from the medium surface, and
consequently increase interrogation capability of SMI. In addition, the purpose of applying a
mechanical force may be to find out the presence or absence of an embedded tumor. The
information on the presence or absence of a tumor may also narrow down the exploration area
for spectral imaging. For example, if a tumor is present, pressing the flexible illuminated
waveguide will create a deformation in the waveguide. This deformed area’s light will be
scatter. Based on this scattered light, an image will be reconstructed. If there is no tumor
undemeath, pressing the waveguide will not create any deformation and eventually no image.
A position nearby the first appearance of mechanical image can be considered the initial
position for collecting data for SMI size estimation method. Now the spectral imager
illuminating mode may be switched on and the camera may be refocused on the plane of the
optical waveguide that touches the region of interest. The SMI system is now prepared for
collecting diffuse optical images for size estimation.

[0038] Referring to Fig. 6, at step 604, the SMI system is positioned at an initial
position (also referred to as a waypoint) x;. At step 606, m diffuse optical images may be
collected, and waypoint information may be stored. At step 608, the system may check if the

terminal waypoint xy is reached. If not, the index i may be incremented by one at step 611 and
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the loop may continue to collect a total of mN images from N waypoints. For raster scanning,
there may be a nested loop. After travelling through all the specified waypoints, the SMI system
may determine absorption coefficient p,for the collected images at step 610. At step 612, tumor
boundary detection method may be applied for each line scan to find the boundary waypoints
1.e., waypoints that lie on an intersection point of the line scan and a boundary of the tumor. At
step 614, the tumor size can be computed by obtaining the pair of boundary waypoints with the
largest interval i.e., distance. Steps 612 and 614 will be explained later. It must be noted that the
plurality of line scans are parallel to one another. It is to be noted that the scan lines may form
rows for estimating tumor size in one direction. The scanning may also be performed in another
direction to form columns of scan lines to estimate tumor size in the orthogonal or substantially
orthogonal direction with the rows. It may be conceived by one skilled in the related field that
the rows and columns can form angles other than 90 to achieve similar size estimation purposes.
The final tumor size may be estimated by combining the two tumor sizes obtained in both
directions, e.g., by taking the average or the maximum, or the like. Scanning may further be
performed in a third or more directions so as to improve the accuracy of size estimation.

[0039] Fig. 7 illustrates according to one embodiment, an exemplary schematic of
the SMI system trajectory during size estimation data collection described in Fig. 6. A three-
axis coordinate system 706 is specified to describe the SMI system motion. The SMI motion
may follow raster scanning approach starting from A and terminating at B on the surface of the
solid medium 704, in which tumor 702 is embedded. The nodes that constitutes the trajectory
are referred to herein as waypoints x;, where i = 1,2 ..., N and N is the number of waypoints.

[0040] Fig. 8 illustrates an exemplary flow of tumor boundary detection for step
612, according to one embodiment of the present teaching. The inputs for the tumor boundary
detection method are the absorption coefficients determined from the diffuse optical images
collected at waypoints x = x;,i = 1,2, ..., N. The boundary detection starts at step 802 with the
waypoint x; and the m number of absorption coefficients values ug; ;,j = 1,2, ..., m
(corresponds to the m images), and parameter i corresponds to the waypoints. At step 804, the
variance o of m absorption coefficients is determined.

[0041] At step 806, the variance o7 is compared with o2, s found from the base

model generating unit at step 410 of Fig. 4. If 67 — ¢/, < €, the corresponding waypoint is

considered to fall in the healthy region at step 818, where € may be a very small positive value

set by the user. This classification is based on the idea as follows.
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[0042] Human and animal tissue can be considered as turbid medium, which is
both diffusive and absorbent. The incident light field is scattered inside a turbid medium, and
the light propagates through the medium in a random manner. Inhomogeneity inside the turbid
medium can elevate this random behavior. One such example of inhomogeneity can be
introduced by a tumor embedded under healthy tissue in a solid turbid medium. In this
scenario, if a surface of the medium is probed for diffused imaging multiple times, the
properties estimated from that surface vary significantly. By way of example, one can say that
the absorption coefficients estimated from multiple diffuse optical measurements from the same
region have higher variance whenever a tumor is present inside. At the boundary of the tumor, it
is expected to demonstrate the largest variation since on one side there is homogeneous region
and on the other side there is inhomogeneous region. In the absence of a tumor, the turbid
medium is homogeneous, hence, the multiple measurements show a lower level of the
variances. Therefore, the variance values from the multiple measurement can be used as a
discriminatory factor in deciding a region is healthy or not, which is the core new idea of the
present teaching.

[0043] If 67 — 6/,; > € (step 806) is true, the corresponding waypoint is
considered to fall in the tumor region, where € may be a very small positive value set by the
user. At step 808, a label may be assigned for the waypoint to identify this as tumor waypoint.
The process the proceeds to step 809 where a query is made to determine whether all waypoints
have been considered. Specifically, a query is made to determine whether i <N. If the response
to the query is affirmative, the process moves to step 810, wherein the value of the counter i is
increased by one. Thereafter, the process loops back to step 802 to process the next waypoint. If
the response to the query in step 809 is negative, the process moves to step 811.

[0044] The process in steps 811 — 816 pertains to determining two boundary
waypoints i.e., two boundary waypoints which are between tumor and healthy tissue from
which a size of the tumor may be estimated. According to an embodiment of the present
disclosure, for each line scan (of the raster scanning operation), two boundary points i.e., points
on the line that lie on the boundary of the tumor/healthy region may be identified as described
below. It must be appreciated that multiple scan lines would result in multiple pairs of such
boundary points being determined. The goal is to identify a pair of boundary points which
correspond to a diameter of the tumor (e.g., assuming that the tumor has a spherical shape). The
identification of two boundary points from which a size of the tumor may be estimated are

described next.

10



WO 2022/120235 PCT/US2021/061897

[0045] For each line scan, the spatial rate of change of absorption coefficient with
respect to x-axis may be defined by d,u, = %, where Ay, is the difference in absorption

coefficient at two waypoints (that is, the difference in absorption coefficient between a
waypoint and another waypoint which is closest to the waypoint along x-axis), and Ax is the
distance between two waypoints along x-axis. At step 811, two waypoints with their absorption
coefficient values may be used to determine d,1,. At step 812, the value from step 811 may be
checked whether this is the positive maximum value or negative minimum value of 9,1,
among the tumor labelled waypoint pairs. If the value is not the positive maximum value or
negative minimum value, the waypoint may be considered as tumor region and stored at step
820. If the value is the positive maximum value or negative minimum value, then the waypoint
may be selected as the boundary point between the tumor and healthy region, from which a size
of the tumor may be estimated. It must be appreciated that while computing the rate of change
of absorption coefficient of a waypoint with respect to another waypoint, a mean value of the
absorption coefficient values (corresponding to images obtained at a waypoint) may be used.

[0046] At step 816, the workflow may go back to step 811 until analysis for all
the waypoints for all line scans is completed.

[0047] After ranking the values of d,.,, there should be one largest positive
value and one largest negative value. For the largest positive value, the region may be in
transition from the homogeneous to the inhomogeneous region. For the largest negative value,
the region may be in transition from the inhomogeneous to the homogeneous region. For these
two largest values, two boundary waypoints may be found, which is specific to a line scan.
Then, the multiple line scans may be performed where each line is parallel to each other. From
the difference of these two boundary waypoints tumor size along x-axis can be estimated.
Specifically, for each line scan a pair of waypoints that corresponds to the boundary of the
tumor are obtained (by step 812). As such distance between these boundary waypoints is
obtained. Further, the size of the tumor is estimated by identifying a pair of boundary waypoints
corresponding to a particular scan line that have the largest distance (i.e., corresponding to a
diameter of the tumor). In the same manner, tumor size can be computed along y-axis. Locating
tumor boundary points in x-axis and y-axis may provide information on the shape (circle or
ellipse) and size of the tumor.

[0048] Fig. 9 illustrates the workflow of estimating the depth of the tumor in the
medium from the surface based on the SMI method by tracking the inhomogeneity variation.
At step 902, the SMI system may be positioned at the center of tumor determined at step 614 of

11
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Fig. 6. At step 904 the system may be rotated at angle 0. At step 906, m number of images may
be collected, and their pixel intensities may be calculated. Dividing the pixel intensities by the
pixel intensity found from a known healthy tissue’s region can give the pixel intensity contrast.
The variance o,,;, may be calculated for the m images. At step 910, the variance 0,;,can be
compared with a threshold value 8, which may be set by the user. If 0,,;,, > &, this can indicate
the tumor may be in the line of sight of the system, and the angle of rotation may need to be
increased. This may take the workflow to step 908 where the angle of rotation is incremented by
AB, which may be pre-specified by the user. If 0,,;, < 8, this may indicate the tumor may be
out of sight of SMI (i.e., referring to Fig. 10, the light ray from the SMI source may be
tangential to the tumor) and the SMI method may use 0 in this instance along with geometric
relationship to estimate tumor depth.

[0049] Fig. 10 illustrates the geometric relationship between the poses of SMI
and the center of tumor. In Fig. 10, the tumor is indicated by 1006, and the initial and final
poses of SMI are indicated by 1002 and 1004. The tumor is assumed to be spherical. Therefore,
the cross-section is a circle. The center O of tumor 1006 is denoted by 1008, and the
intersection point B, between the initial pose 1002 and the final pose 1004 of SMI, is denoted
by 1010. A surface point A on the tumor is denoted by 1012. Three points O (1008), B (1010),
and A (1012) may create a triangle OAB. Denote the tumor size by s, and the tumor depth from
the medium surface to the tumor surface by %, where the size s may be determined from step
614 of Fig. 6. The angle 0 between OB and AB may be determined from step 912 of Fig. 9. The
tumor depth, 4, may be determined by the following formula:

h =s(cot®—1).

[0050] The stiffness of tumor is correlated with the malignancy of tumor,
therefore, is another subject of interest in the present disclosure. The stiffness of an object can
be described by elastic modulus. The elastic modulus of tumor may not be directly measured
with SMI when the tumor is embedded into a solid medium. SMI may estimate an effective
elastic modulus. A schematic is presented in Fig. 11 with which the relationship between the
effective elastic modulus and the elastic modulus of tumor and surrounding tissue can be
described. A tumor 1104 of size s is embedded into a solid medium 1102 at a depth of 4.
Because of elasticity the tumor 1104 may be viewed as a spring of spring constant K¢y0r -
Similarly, the tissue from the medium surface to tumor surface may be also viewed as a spring
of spring constant k;;s,.. If the two springs are connected as series combination, an effective
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spring with spring constant k,r can be determined. Using Hooke’s Law, from Fig. 11, the

relationship between tumor size, depth, and elastic modulus can be written as follows:
1 s+h _ 1 1 h 1 s

= = f— +
Yeff A keff Ytissue A Ytumor A

[0051] Where parameter A corresponds to a cross-sectional area of the tumor.
The above equation can be rearranged to:

Y, _ Ye ff Ytissues
tumeor (S + h) Ytissue - hYeff,

[0052] where Y, , s, h can be estimated using the SMI method, and Y350 Can
be estimated using standard elastic modulus measuring device.

[0053] Fig. 12 illustrates a workflow for estimating effective elastic modulus of
the embedded tumor inside a solid medium using the SMI method. At step 1202, the mechanical
imager illuminating mode may be switched on. At step 1204, a sequence of mechanical images
may be collected from the suspected region. At step 1206, elastic moduli may be predicted from
four models that are generated using the workflow in Fig. 5. At step 1208, the effective elastic
modulus of tumor may be determined as a linear combination of the four predicted values.

[0054] As stated above in Fig. 2, the compression-induced spectral properties
estimation technique may be performed to estimate chromophore concentrations at step 242.
Conventionally, no significant pressure may be applied on the suspected region during spectral
imager illuminating mode and diffuse optical image collection. In the present teaching, the
optical waveguide in the multimodal sensing unit may be built using flexible elastomer.

Because of this flexibility, the waveguide may be pressed against the suspected region. This
compression induced action may reduce the effective depth of tumor from surface and may
enable the compression-induced spectral properties estimating unit 140 to calculate the
chromophore concentrations of the tumor which may be located deeper into the tissue. The
conventional chromophore concentration determination formula may be used which is well
established in the literature.

[0055] To implement various modules, units, and their functionalities described
in the present disclosure, computer hardware platforms may be used as the hardware platform(s)
for one or more of the elements described herein. The hardware elements, operating systems and
programming languages of such computers are conventional in nature, and it is presumed that
those skilled in the art are adequately familiar therewith to adapt those technologies. A computer

with user interface elements may be used to implement a personal computer (PC) or other type
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of work station or terminal device, although a computer may also act as a server if appropriately
programmed. It is believed that those skilled in the art are familiar with the structure,
programming, and general operation of such computer equipment and as a result the drawings
should be self-explanatory.

[0056] Fig. 13 is an illustrative diagram of an exemplary computer system
architecture, in accordance with various embodiments of the present teaching. Such a specialized
system incorporating the present teaching has a functional block diagram illustration of a
hardware platform which includes user interface elements. Computer 1300 may be a general-
purpose computer or a special purpose computer. Both can be used to implement a specialized
system for the present teaching. Computer 1300 may be used to implement any component(s)
described herein. For example, the present teaching may be implemented on a computer such as
computer 1300 via its hardware, software program, firmware, or a combination thereof.
Although only one such computer is shown, for convenience, the computer functions relating to
the present teaching as described herein may be implemented in a distributed fashion on a
number of similar platforms, to distribute the processing load.

[0057] Computer 1300, for example, may include communication ports 1350
connected to and from a network connected thereto to facilitate data communications. Computer
1300 also includes a central processing unit (CPU) 1320, in the form of one or more processors,
for executing program instructions. The exemplary computer platform may also include an
internal communication bus 1310, program storage and data storage of different forms (e.g., disk
1370, read only memory (ROM) 1330, or random access memory (RAM) 1340), for various data
files to be processed and/or communicated by computer 1300, as well as possibly program
instructions to be executed by CPU 1320. Computer 1300 may also include an I/O component
1360 supporting input/output flows between the computer and other components therein such as
user interface elements 1380. Computer 1300 may also receive programming and data via
network communications.

[0058] Hence, aspects of the present teaching(s) as outlined above, may be
embodied in programming. Program aspects of the technology may be thought of as “products”
or “articles of manufacture™ typically in the form of executable code and/or associated data that
is carried on or embodied in a type of machine readable medium. Tangible non-transitory
“storage” type media include any or all of the memory or other storage for the computers,

processors or the like, or associated modules thereof, such as various semiconductor memories,
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tape drives, disk drives and the like, which may provide storage at any time for the software
programming.

[0059] All or portions of the software may at times be communicated through a
network such as the Internet or various other telecommunication networks. Such
communications, for example, may enable loading of the software from one computer or
processor into another, for example, from a management server or host computer of the spectro-
mechanical imaging system into the hardware platform(s) of a computing environment or other
system implementing a computing environment or similar functionalities in connection with
characterizing the target. Thus, another type of media that may bear the software elements
includes optical, electrical and electromagnetic waves, such as used across physical interfaces
between local devices, through wired and optical landline networks and over various air-links.
The physical elements that carry such waves, such as wired or wireless links, optical links or the
like, also may be considered as media bearing the software. As used herein, unless restricted to
tangible “storage” media, terms such as computer or machine “readable medium” refer to any
medium that participates in providing instructions to a processor for execution.

[0060] Hence, a machine-readable medium may take many forms, including but
not limited to, a tangible storage medium, a carrier wave medium or physical transmission
medium. Non-volatile storage media include, for example, optical or magnetic disks, such as any
of the storage devices in any computer(s) or the like, which may be used to implement the system
or any of its components as shown in the drawings. Volatile storage media include dynamic
memory, such as a main memory of such a computer platform. Tangible transmission media
include coaxial cables; copper wire and fiber optics, including the wires that form a bus within
a computer system. Carrier-wave transmission media may take the form of electric or
electromagnetic signals, or acoustic or light waves such as those generated during radio
frequency (RF) and infrared (IR) data communications. Common forms of computer-readable
media therefore include for example: a floppy disk, a flexible disk, hard disk, magnetic tape, any
other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other optical medium, punch
cards paper tape, any other physical storage medium with patterns of holes, a RAM, a PROM
and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave
transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer may read programming code and/or data. Many of these forms
of computer readable media may be involved in carrying one or more sequences of one or more

instructions to a physical processor for execution.
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[0061] While the foregoing has described what are considered to constitute the
present teachings and/or other examples, it is understood that various modifications may be
made thereto and that the subject matter disclosed herein may be implemented in various forms
and examples, and that the teachings may be applied in numerous applications, only some of
which have been described herein. It is intended by the following claims to claim any and all
applications, modifications and variations that fall within the true scope of the present

teachings.
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WHAT IS CLAIMED IS:

1. A method, implemented on a machine having at least one processor, storage,
and a communication platform capable of connecting to a network for characterizing a tumor
inside a human body, comprising:

activating a first imaging mode of a device to collect a first set of information to be
used at least for identifying a region in the human body where the tumor resides;

activating a second imaging mode of the device to collect a second set of information
from the region, wherein

the tumor is characterized in terms of its mechanical and spectral properties estimated

based on the first and second sets of information.

2. The method of claim 1, wherein

the mechanical properties of the tumor include at least one of a size, a depth, and
stiffness of the tumor; and

the spectral properties of the tumor include at least chromophore concentrations of the

tumor.

3. The method of claim 2, wherein the stiffness of the tumor is measured based on

an elastic modulus of the tumor.

4, The method of claim 1, wherein when the second imaging mode is activated,

the first imaging mode is deactivated.

5. The method of claim 1, wherein during the first imaging mode, when a
waveguide of the device is pressed onto a surface of the human body,

emitting light onto the surface of the human body by a first plurality of light emitting
diodes (LEDs) light sources;

measuring a compression force applied in pressing the waveguide onto the surface;

measuring, by a sensor operating in a predetermined spectral window, scattered light

detected in a scanning area when the waveguide is deformed;
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outputting a mechanical image constructed based on the measured scattered light and

the measured force.

6. The method of claim 5, wherein the waveguide is deformed when the tumor is

present in the human body near the scanning area.

7. The method of claim 5, wherein during the second imaging mode,
emitting light onto the surface of the human body by a second plurality of LED light
sources at one or mor of time instances;
at each of the one or more time instances,
measuring, by the sensor, scattered light from the human body detected in a
scanning area,
creating a diffuse optical image based on the measured scattered light;
generating an intensity image based on one or more diffuse optical images at the one or
more time instances;
determining the spectral properties associated with the intensity image; and

outputting the spectral properties.

8. The method of claim 7, further comprising characterizing the tumor based on a
baseline model by:

estimating stiffness of the tumor based on the measured compression force in
accordance with a stiffness model;

estimating a size of the tumor based on inhomogeneity variance of an absorption
coefficient across the intensity image;

estimating a depth of the tumor based on inhomogeneity variance of pixel intensity
across the intensity image; and

estimating tumor chromophore concentrations based on compression-induced spectral

imaging.

9. The method of claim 8, wherein the baseline model is obtained via machine

leaning based on training data.

10. An apparatus for characterizing a tumor inside a human body, comprising:
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a housing;
a device residing in the housing and comprising:

a waveguide having a first side and a second side, wherein the second side
serves as a probing side through which the device is operated to press against a surface
of the human body,

a glass plate having a top side and a bottom side, wherein the bottom side
interfaces with the first side of the waveguide,

a first plurality of light emitting diodes (LED) sources arranged along a plurality
sides of the waveguide,

a second plurality of LED sources residing on the top side of the glass plate,

a force measuring unit residing on the top side of the glass plate, and

a multimodal sensing unit provided with a focus directed to a scanning area of

the glass plate and operating in a predetermined spectral window.

11.  The apparatus of claim 10, wherein the device is operated for characterizing the
tumor by utilizing components included therein to form

a first imaging unit with the waveguide, the glass plate, the first plurality of LED
sources, the force measuring unit, and the multimodal sensing unit;

a second imaging unit having the waveguide, the glass plate, the second plurality of

LED sources, and the multimodal sensing unit.

12.  The apparatus of claim 11, wherein the device is controlled to

activate the first imaging unit to enter into a first imaging mode to collect a first set of
information to be used at least for identifying a region in the human body where the tumor
resides;

activate the second imaging unit to enter into a second imaging mode to collect a
second set of information from the region, wherein

the tumor is characterized in terms of its mechanical and spectral properties estimated

based on the first and second sets of information.

13. The apparatus of claim 12, wherein
the mechanical properties of the tumor include at least one of a size, a depth, and

stiffness of the tumor; and
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the spectral properties of the tumor include at least chromophore concentrations of the

tumor.

14, The apparatus of claim 13, wherein the stiffness of the tumor is measured based

on an elastic modulus of the tumor.

15.  The apparatus of claim 12, wherein when the second imaging mode is activated,

the first imaging mode is deactivated.

16. The apparatus of claim 12, wherein during the first imaging mode, when a
waveguide of the device is pressed onto a surface of the human body,
the first plurality of LED sources are turned on to emit light to the human body;
the force measuring unit is configured to measure a compression force applied in
pressing probing side of the waveguide onto the surface;
the multimodal sensing unit is configured to
measure scattered light observed in the scanning area of the glass plate when the
waveguide is deformed, and
output a mechanical image constructed based on the scattered light and the

measured force.

17.  The apparatus of claim 16, wherein the waveguide is deformed when the tumor

is present in the human body corresponding to the scanning area of the glass plate.

18. The apparatus of claim 16, wherein during the second imaging mode,

the second plurality of LED light sources are turned on to emit light to the human body;

the multimodal sensing unit is configured to, at each of a plurality of time instances,
measure scattered light from the human body,
create a diffuse optical image based on the measured scattered light, and
generate an intensity image based on a plurality of diffuse optical images

corresponding to the plurality of time instances.

19.  The apparatus of claim 18, further comprising
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an inhomogeneity variation guided mechanical characterizing unit configured for
characterizing the tumor in terms of its mechanical properties including at least one of a size, a
depth, and stiffness; and

a compression induced spectral characterizing unit configured for characterizing the

tumor in terms of tumor chromophore concentrations.

20. The apparatus of claim 19, wherein
the inhomogeneity variation guided mechanical characterizing unit estimates

the stiffness of the tumor based on the measured compression force in
accordance with a stiffness model,

the size of the tumor based on inhomogeneity variance of an absorption
coefficient across the intensity image, and

the depth of the tumor based on inhomogeneity variance of pixel intensity
across the intensity image; and
the compression induced spectral characterizing unit estimates the tumor chromophore

concentrations based on compression-induced spectral imaging.

21. Machine readable and non-transitory medium having data recorded thereon for
characterizing a tumor inside a human body, wherein the information, when read by the
machine, causes the machine to perform the following steps:

activating a first imaging mode of a device to collect a first set of information to be
used at least for identifying a region in the human body where the tumor resides;

activating a second imaging mode of the device to collect a second set of information
from the region, wherein

the tumor is characterized in terms of its mechanical and spectral properties estimated

based on the first and second sets of information.

22. The medium of claim 21, wherein

the mechanical properties of the tumor include at least one of a size, a depth, and
stiffness of the tumor; and

the spectral properties of the tumor include at least chromophore concentrations of the

tumor.
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23. The medium of claim 22, wherein the stiffness of the tumor is measured based

on an elastic modulus of the tumor.

24, The medium of claim 21, wherein when the second imaging mode is activated,

the first imaging mode is deactivated.

25. The medium of claim 21, wherein during the first imaging mode, when a
waveguide of the device is pressed onto a surface of the human body,

emitting light onto the surface of the human body by a first plurality of light emitting
diodes (LEDs) light sources;

measuring a compression force applied in pressing the waveguide onto the surface;

measuring, by a sensor operating in a predetermined spectral window, scattered light
detected in a scanning area when the waveguide is deformed;

outputting a mechanical image constructed based on the measured scattered light and

the measured force.

26. The medium of claim 25, wherein the waveguide is deformed when the tumor is

present in the human body near the scanning area.

27. The medium of claim 25, wherein during the second imaging mode,
emitting light onto the surface of the human body by a second plurality of LED light
sources at one or mor of time instances;
at each of the one or more time instances,
measuring, by the sensor, scattered light from the human body detected in a
scanning area,
creating a diffuse optical image based on the measured scattered light;
generating an intensity image based on one or more diffuse optical images at the one or
more time instances;
determining the spectral properties associated with the intensity image; and

outputting the spectral properties.

28. The medium of claim 27, further comprising characterizing the tumor based on

a baseline model by:
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estimating stiffness of the tumor based on the measured compression force in
accordance with a stiffness model;

estimating a size of the tumor based on inhomogeneity variance of an absorption
coefficient across the intensity image;

estimating a depth of the tumor based on inhomogeneity variance of pixel intensity
across the intensity image; and

estimating tumor chromophore concentrations based on compression-induced spectral

imaging.

29. The medium of claim 28, wherein the baseline model is obtained via machine

leaning based on training data.
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imaging mode of a device to collect a first set of information to be used at least for identifying a region in the human body where the
tumor resides.

Group Il, claims 10-20, is drawn to an apparatus for characterizing a tumor inside a human body, comprising: a housing; a device
residing in the housing and comprising: a waveguide having a first side and a second side.

The inventions listed as Groups I-ll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: activating a first imaging mode of a device to collect a first set of information to be used at least for identifying a region in the
human body where the tumor resides; activating a second imaging mode of the device to collect a second set of information from the
region, wherein the tumor is characterized in terms of its mechanical and spectral properties estimated based on the first and second
sets of information as claimed therein is not present in the invention of Group Il. The special technical feature of the Group Il invention: a
housing; a device residing in the housing and comprising: a waveguide having a first side and a second side, wherein the second side
serves as a probing side through which the device is operated to press against a surface of the human body, a glass plate having a top
side and a bottom side, wherein the bottom side interfaces with the first side of the waveguide, a first plurality of light emitting diodes
(LED) sources arranged along a plurality sides of the waveguide, a second plurality of LED sources residing on the top side of the glass
plate, a force measuring unit residing on the top side of the glass plate, and a multimodal sensing unit provided with a focus directed to a
scanning area of the glass plate and operating in a predetermined spectral window as claimed therein is not present in the invention of
Group |.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of characterizing
a tumor inside a human body, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2020/0205665 to Temple University - Of The Commonwealth System Of Higher Education teaches characterizing a
tumor inside a human body (The device and method have applications in non-invasively characterizing tumors within the human or
animal body, para. 0002).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking. .
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