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(57) ABSTRACT

An optical system for the detection of skin disease, such as
melanoma, acquires images of a lesion on a subject’s skin at
different wavelengths and utilizes a sweeping arm rotating
about the lesion in a clock-like sweep to produce diagnosti-
cally relevant metrics and classifiers from the image data so as
to enhance detection of the skin disease.
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FIG. 4
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SYSTEM AND METHOD FOR OPTICAL
DETECTION OF SKIN DISEASE

[0001] This application claims the benefit of U.S. applica-
tion Ser. No. 14/051,053, filed Oct. 10, 2013 and U.S. Provi-
sional Application No. 61/857,143, filed Jul. 22, 2013, which
are incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Theinventionis directed to systems and methods for
optical detection of skin disease and in particular apparatus
and methods adapted to detect the presence of melanoma and
to distinguish, for example, malignant melanoma from non-
malignant dysplastic nevi and/or common nevi, using metrics
and classifiers obtained from rotational analysis of image data
obtained from a subject’s skin lesion. The data obtained may
be processed by one or more computer processors, and the
processed data, a diagnosis or an indicator of the presence of
absence of skin disease may be output to and displayed by one
or more display modules.

[0004] 2. Description of the Related Art

[0005] Melanoma, the most lethal skin cancer, incurs
immense human and financial cost. Early detection is critical
to prevent metastasis by removal of primary tumors. The early
lateral growth phase is a vastly preferable detection window
to the subsequent phase of metastatic initiation. Optical
detection technologies for automated quantitative metrics of
malignancy are needed to more accurately guide decisions
regarding the need to biopsy and to make preoperative deter-
mination of adequate margins for surgical excision. After
invasive biopsy or excision, diagnosis obtained by histo-
pathologic evaluation is nearly 100% accurate; however
deciding which lesions to biopsy is challenging. Only 3% to
25% of surgically-excised pigmented lesions are diagnosed
as melanomas. Hence there is a need for noninvasive screen-
ing mechanisms that are both widespread and more accurate.
[0006] Dermoscopy is a common dermatological tech-
nique to evaluate skin lesions which may or may not be
pigmented lesions. A dermatoscope typically consists of a
light emitting diode (LED) illuminator, a low magnification
microscope, and a clear window surface to flatten the skin
against. The use of polarization enables partial rejection of
deeply penetrating light, which can enhance superficial fea-
tures of particular diagnostic interest. A digital imaging cam-
era may also be attached to the dermatoscope.

[0007] U.S.Pat.Nos. 7,006,223, 7,027,153, 7,167,243, and
7,167,244 describe handheld dermoscopic epiluminescence
devices.

[0008] Methods and apparatuses for evaluating optical
image data obtained from a skin lesion on a subject’s body are
taught in U.S. Pat. Nos. 6,208,749 and 7,894,651, assigned to
Mela Sciences, Inc.

[0009] U.S. Pat. No. 7,603,031 is directed to a multi-flash
wide-field photography system adapted for medical or cos-
metic facial photography. U.S. Pat. No. 8,218,862 describes
feature detection for computer aided skin analysis using
related wide-field photographic techniques. U.S. Pat. No.
8,498,460 describes wide-field imaging methods and appa-
ratuses used to estimate the diffuse reflection component of
an image of tissue, such as skin, which can then be further
processed to obtain red and brown pigmentation images to
indicate the distribution of hemoglobin and melanin in the
skin.
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SUMMARY OF THE INVENTION

[0010] One of the objects of the present invention is to
employ algorithms that perform evaluations of image data
obtained from reflecting light off of skin lesions with greater
sensitivity, specificity and overall diagnostic accuracy, and
which can be used to produce diagnostically relevant quanti-
tative metrics in real time, in some cases without further
evaluation of the lesion. (It will be understood that this appli-
cation sometimes refers to the image of the lesion and the
lesion itself interchangeably.)

[0011] Another object of the invention is to combine a
dermatoscope, digital camera and automated screening by
computer vision to bridge the diagnostic accuracy gap
between invasive and noninvasive pathological analyses.
Though the sophistication of the human brain may never be
matched by computers, the present invention provides at least
three benefits over traditional dermatologist screening: stan-
dardization, quantification and the enhanced ability to per-
form brute-force calculations. As outlined in the following
description and claims, objective analytical diagnostic tech-
nologies have the potential to dramatically improve the diag-
nostic accuracy of widespread melanoma screening,

[0012] Inparticular, using rotational analysis of image data
obtained from a skin lesion yields improved diagnostic accu-
racy compared to the prior art. The novel mathematical
descriptors generated by the polar transformation of the
image data may be trained on a set of skin lesions of known
pathology to yield classifiers which provide a percent likeli-
hood that a given lesion is malignant melanoma, paired with
a percentage uncertainty for the prediction. The invention
also provides enhanced opportunities to visualize the data
obtained. In addition to a standard red-green-blue (RGB)
image of the lesion, the present invention provides the user
(doctor or patient) witha version of the image with suspicious
regions highlighted, and the user may toggle between these
display modes. The user may cycle through a set of gray scale
images obtained at different wavelengths. The display may be
toggled between x-v coordinates and a brightness map in
polar coordinates (r, 6). In addition, rotational analysis may
be performed using a clock sweep arm integrated with imag-
ing at successively finer resolution, such as confocal micros-
copy and Raman spectroscopy.

[0013] Still another object of the invention is to use a wide
field imaging system to image a large portion of skin and
identify one or more skin lesions for further analysis, and then
use a second imaging system with a narrower field of view to
conduct such analysis.

[0014] In one aspect, the invention is an apparatus for
detecting skin disease in a lesion on a subject’s skin, com-
prising: a mechanical fixture having a flat surface to position
or press against the subject’s skin to define a distal imaging
plane containing said lesion; a camera adapted to obtain
image data from the lesion; a processor adapted to process the
image data with a clock-like sweep algorithm to obtain met-
rics and/or one or more classifiers defining the rotational
symmetry of the pigmented lesion; and an output device that
indicates a likelihood of the presence or absence of skin
disease in the subject obtained from the metrics and/or one or
more classifiers. In this context, “metrics and/or one or more
classifiers” means the likelihood may be obtained from met-
rics, from one or more classifiers or from a combination of
metrics and one or more classifiers.

[0015] Theclock-like sweep algorithm, for example, evalu-
ates the brightness of pixels on a line segment between the
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center of the lesion image and the lesion image border as the
line segment rotates around the center of the lesion with one
end of the line segment fixed at the center of the lesion image.
Rotational symmetry refers to different information obtained
on the line segment at different angular positions. Such infor-
mation may be directly related to the image, such as the image
brightness, or may be information indirectly related to the
image such as the average pigmented network branch length
for the pigmented network branches encountered by a line
segment. In the case of indirect information, pre-processing
of the image is completed to define such information for each
part of the image. Continuing the example, a circle with
uniform brightness throughout exhibits perfect rotational
symmetry. However, if the distance from the border of the
lesion to the center of the lesion is different at different
angular positions, or if the brightness of pixels differs at
different positions on the line segment, or at different angular
positions of the line segment, then the lesion is not rotation-
ally symmetric, but asymmetric. This asymmetry may be
quantified and used to produce diagnostically relevant met-
rics and/or one or more classifiers.

[0016] In another aspect of the invention, the camera is
adapted to obtain multispectral images. For example, the skin
lesion is illuminated with an array of LEDs that emit light of
different spectral profiles (including, importantly, one or
more LEDs that emit light in the non-visible UV range, such
as 300 nm to 400 nm). The camera acquires M images, storing
each pixel in the image as a set of M numbers that form a
spectral measurement, which are then fitted as the weighted
sum of N chromophores.

[0017] In another aspect, the invention is a method for
obtaining an indication of a likelihood of the presence or
absence of skin disease in a lesion on a subject’s skin, com-
prising the steps of illuminating the subject’s skin including
the lesion (preferably flattened); obtaining image data from
the reflection of light off the illuminated subject’s skin with a
camera; and processing the image data with a computer pro-
cessor adapted to implement a clock-like sweep algorithm to
obtain diagnostically relevant metrics and/or one or more
classifiers defining the rotational symmetry of the lesion on
the subject’s skin. In the method, at least one processor trans-
forms the image data into diagnostically relevant metrics
and/or one or more classifiers defining the rotational distri-
bution of one or more properties selected from the group
consisting of [a] spatial texture features; [b] brightness fea-
tures; [c] features of the edge/border; [d] color variation; [e]
variations in features of a pigmented network including the
length, shape brightness and organization of pigmented net-
work segments in the network; and [f] oxygen saturation of
tissue as defined by the amount and ratio of oxyhemoglobin
and deoxyhemoglobin. This group of properties may also
include [g] the heterogeneity of pigment species such as
eumelanin, pheomelanin and other species of pigment.

[0018] In still another aspect, the invention is embodied as
a system for detecting skin disease in a skin lesion on a
subject’s skin utilizing a commercially-widespread imaging
device, such as a cellular phone having an integrated proces-
sor and camera. In this embodiment, the image data may be
obtained using an illumination system selected from an exter-
nal illumination system or a built-in flash. As used herein,
“cellular phone” includes, for exaniple, a smart phone which
has image capture capability, and may also have a built-in
flash (which may or may not be disabled during image acqui-
sition), image processing capability, the ability to download
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data processing applications, and/or transmit images for
remote processing. The cellular phone processor is adapted
(for example, by using an application downloaded to the
cellular phone) to process image data obtained using a sweep-
ing arm positioned between the border of the lesion and the
center of the lesion and rotated with a clock-like sweep
around the lesion to obtain metrics and/or one or more clas-
sifiers defining the rotational symmetry of the lesion and
generate a display depicting regions of interest in the sub-
ject’s skin and/or an indication of a likelihood of the presence
or absence of skin disease in the subject.

[0019] Processed data obtained with a cellular phone appli-
cation in the form of a diagnostic indication or a representa-
tion of a region of interest on the subject’s skin may be
transmitted to a remote processor. For example, a patient may
photograph his or her lesion and transmit the image to a
doctor’s office, database or other facility for further process-
ing. As used herein, “a display depicting regions of interest in
the subject’s skin and/or an indication of a likelihood of the
presence or absence of skin disease in the subject” may mean
that a display i) provides only a processed image of the lesion
with regions highlighted, or ii) only an indication that skin
disease is more or less likely to be present (for example in the
form of a number or text), or iii) the display may provide both
a processed image and an indication that skin disease is more
or less likely to be present (which display formats may toggle
back and forth). Other forms of display are also within the
scope of this invention.

[0020] In yet still another aspect, the invention is a method
of diagnostically imaging of one or more skin lesions on a
subject’s skin, comprising the steps of: illuminating with a
first illumination system a first area on a subject’s skin;
obtaining wide field image data from the illuminated skin
using a camera having a wide field of view; processing the
wide field image data to identify a target area within the first
area which includes at least one skin lesion; illuminating the
target area with a second illumination system, and obtaining
narrow field image data from the illuminated target area with
a camera having a narrow field of view; and processing the
narrow field image data to obtain diagnostic information per-
taining to the at least one skin lesion.

[0021] These and other aspects of the invention are shown
and described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1A is an exploded view of a clinical apparatus
according to one embodiment of the invention.

[0023] FIG. 1B depicts the assembled apparatus of FIG.
1A.
[0024] FIG. 2 depicts a cellular phone having an integrated

processor and camera and an attached fixture for mounting
the camera against a subject’s skin according to another
embodiment of the invention.

[0025] FIG. 3A and FIG. 3B depict the polar transforma-
tion of image data for a nevus.

[0026] FIGS. 3C and 3D depict the polar transformation of
image data for a malignant melanoma.

[0027] FIG. 4is a topographical map of the depth profile of
pigment in a lesion constructed from mask images according
to a display module in one embodiment of the invention.
[0028] FIG. 5 is a schematic view of a solid false color
display according to a display module in another embodiment
of the invention.
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[0029] FIG. 6 depicts asymmetry measurements obtained
with respect to bisecting axes which are rotated with respect
to the image, where a circular dot is plotted in the center of the
lesion at the angle where the symmetry is maximum as indi-
cated by the minimum value of mismatched area (A=0.1955)
and the symmetry is evaluated at 90-degrees from this angle
with a second circular dot (A=0.2880).

[0030] FIG. 7 depicts another display module according to
the invention where the lesion borders are indicated on the left
for each of the color channels, and on the right, the angular
brightness function is plotted for the color channels.

[0031] FIG. 8is a visualization of the discriminative power
of metrics used in the method of the invention.

[0032] FIG.9 is an example of a Receiver Operator Curve
(“ROC curve”) built using classifiers according to methods of
the invention.

[0033] FIG. 10 is a flow chart depicting the operation of a
server application controlling the image acquisition and data
analysis process according to one embodiment of the inven-
tion.

[0034] FIG. 11 depicts a transformative process performed
on image data from a skin lesion to obtain a metric relevant to
the pigmented network regularity in a skin lesion.

[0035] FIG. 12 depicts a mechanical fixture adapted to
attach to a cellular phone and defining a distal imaging plane
for positioning a lesion on a subject’s skin with respect to the
camera and attaching a mirror to direct light at a skin lesion on
a subject’s skin at an oblique angle.

[0036] FIG.13 isaflow chart depicting the acquisition of an
optical power function for used for radiometric calibration of
an apparatus according to the invention.

[0037] FIG. 14 is a flow chart depicting a data acquisition
procedure in connection with calibrating an apparatus
according to the invention.

[0038] FIG. 15 depicts the procedure for radiometric cali-
bration according to one embodiment of the invention.
[0039] FIG. 16 is an overview of the image acquisition,
image processing and diagnostic display components of the
invention.

[0040] FIG. 17 is a flow chart depicting the operation of a
server application according to another embodiment of the
invention.

DETAILED DESCRIPTION OF THE INVENTION

System and Apparatus

[0041] Oneembodiment of the present invention is directed
to a system including a camera, a mechanical fixture for
illuminating the subject’s skin and positioning the camera
fixedly against the subject’s skin, at least one processor
adapted to perform the clock sweep algorithm, and at least
one output device.

[0042] The camera is preferably a digital camera and may
include a charged coupled device (CCD) sensor or comple-
mentary metal oxide semiconductor (CMOS), as known in
the art. The camera may be a commercially available portable
camera with an integrated illumination system or flash and a
sensor array detecting Red Green and Blue (RGB) light.
Alternatively an external illumination system may be pro-
vided and the camera sensor array may be adapted to receive
“hyperspectral” light, meaning light divided into more spec-
tral wavelength bands than the conventional RGB bands,
which may be in both the visible and non-visible range.
Hyperspectral imaging is described in more detail below.
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[0043] Inthe clinical embodiment depicted in FIG. 1A, the
camera is a circuit board level charge coupled device (CCD)
detector imaging array mounted on a fixture that can be posi-
tioned or pressed against the subject’s skin. In this embodi-
ment, the mechanical fixture 100 includes a flat transparent
plate 12 of glass, polycarbonate, polymethylmethacrylate
(PMMA), UV-fused silica or the like, that may be positioned
or pressed against the subject’s skin so that the lesion stays in
one plane (the distal imaging plane) when the image is
obtained. Plate 12 may be mounted on a spacer. such as nose
cone 14, which protects the camera lens aperture and provides
an optimal distance between the illuminating and imaging
apparatus and the lesion.

[0044] An illumination apparatus, such as LED mounting
ring 15, includes LEDs positioned around the optical axis of
the camera which may be located proximally of the distal
imaging plane which frames the skin lesion, but still forward
of the imaging apparatus. The illumination apparatus
includes a set of devices that emit light of different spectral
profiles to illuminate the skin lesion with light at desired
wavelengths. In FIG. 1A, the LED mounting apparatus com-
prises a ring of light emitting diodes (LEDs) 16 each capable
of emitting light at a specified wavelength in a range of 300
nm to 950 nm, preferably including at least one LED in the
range of 300 to 400 nm, while the camera sequentially
acquires images at the specified wavelengths. The apparatus
may utilize commercially available LEDs which are inexpen-
sive and widely available with various spectral characteris-
tics. However, if more accurate and narrow spectra are
desired, laser illumination elements or filters placed in front
to sharpen the LED emission spectra may also be used.

[0045] The LED wavelengths are selected based on the
methods used to extract relevant information from the image
data to identify diagnostically relevant patterns in the lesion.
For example, it is known in the art that blue light is absorbed
by melanin (one of N chromophores in the skin). Thus, at least
one of the LED:s in the array, and preferably a plurality, emit
light in the violet-indigo-blue wavelength ranges, 400-500
nm Blood absorbs in the green, so that at least one of the LEDs
in the array and preferably a plurality, emit light in the 500-
600 wavelength range. Pigment at the deepest portion of a
lesion, in a relatively deep lesion, has absorption shifted to the
red, so that one or more LEDs emit light in the range of 600
nm to 750 nm, and even into the infrared (IR) (780 nm and
above) which may be helpful to determine the deepest portion
of a lesion to be excised, for example. lllumination in the
non-visible ultraviolet (UV) range to obtain information
about the skin lesion is another novel aspect of the invention.
Thus at least one, and preferably a plurality of LEDs in the
array, are adapted to illuminate the skin at a wavelength of 300
nm to 400 nm. At least one, and preferably a plurality of LEDs
are adapted to illuminate the skin in accordance with the
absorption profile of eu-melanin as distinct from the absorp-
tion profile of pheo-melanin. In this way, at each angular
position of the sweeping arm, as the camera acquires M
images at different wavelengths, each pixel in the image is
stored as a set of M numbers that form a spectral measurement
which may be fit as the weighted sum of N chromophores in
the skin lesion.

[0046] In embodiments, particularly where off-the-shelf
LEDs are used, the illumination system may comprise a set of
LEDs having illumination spectra that overlap. In this case,
correction may be made digitally, providing a processor
adapted to remove overlapping regions of the spectra, thereby
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improving spectral resolution. For example, a set of LEDs
may have spectralL|,L,,L;...L,thatoverlap, andimage data
obtained at one illumination, I_L,, may be used to correct the
illumination atI_(L, ;) by subtracting C*(I_L,) fromI (L, ,),
where C is a constant related to the amount of overlap
between the two spectra. Alternatively, during the fitting pro-
cess wherein N chromophores are specified by fitting M
reflectance values at the M wavelengths, the known absorp-
tion spectra of the chromophores can be integrated over each
of the M LED emission spectra so that the absorption from
each chromophore at each wavelength is uniquely specified.

[0047] The correction for overlapping spectra may be pro-
grammed in advance based on the specifications from the
manufacturer of the LED. Alternatively, an apparatus accord-
ing to the invention may be provided with an internal spec-
trometer to measure the emission spectra of the LED or other
illumination device during the skin imaging or during cali-
bration procedures, and that measurement may be used to
implement the correction for overlapping spectra. A fiber
optic element located distally of the illumination devices
guides the actual emission spectra of each illumination device
to the onboard spectrometer which provides the spectrum to
the processor to perform the steps described above for resolv-
ing the overlapping spectra.

[0048] Thus, an appropriate array of LEDs for an illumina-
tion system may be selected from commercially available
LEDs by the person of ordinary skill in the art, taking care to
match the input requirements and output levels for different
LEDs, as well as differences between output wavelengths
provided in the manufacturer’s specifications and measured
wavelength. Preferably 3 to 50, and more preferably 10 to 30
LED:s are included in an array.

[0049] Conventional dermoscopy, with imaging by the eye
or by conventional digital cameras, illuminated with white
light and obtained three intensity images at the red, green and
blue (RGB) wavelength ranges where the three cones in the
human retina are sensitive. RGB imaging technology in a
conventional digital camera was developed to mimic the three
cones found in the retina. In addition, an RGB camera’s
sensor optically couples to the target skin through a slight
magnifier (<10x), and produces images that have a bit depth
of 8 bits. This means that only 2°* (256) different brightness
levels can be detected.

[0050] Hyperspectral dermoscopic images according to the
present invention, however, are acquired by illuminating the
skin with light emitting diodes (LEDs) at a plurality of dif-
ferent wavelengths sequentially for short duration (on the
order of 100 ms). The resulting set of images yields more
information about different features in the skin than RGB
wavelengths, because the hyperspectral light interacts in a
unique way with the complex biological structures found in
the skin.

[0051] Additionally, more information may be obtained
with the hyperspectral images, because the images are stored
with increased “bit depth.”” Hyperspectral dermoscopy
acquires images at preferably 4-50 wavelengths (an embodi-
ment described herein uses 21 LEDs at distinct wavelengths)
and each image has a bit depth of at least 12 bits. This means
that at least 2'% (4096) different brightness levels can be
obtained—sixteen times greater than conventional cameras.
This increased bit depth results in a greater ability to resolve
brightness differences within dark regions such as pigmented
lesions.

Jun. 16,2016

[0052] Theaugmented spectral content available by acquir-
ing images at, for example, 21 wavelengths instead of 3, has
two advantages: the device can “see” colors outside of the
visible spectrum such as the UVA and near infrared (nIR)
ranges, and also distinguish colors that are too similar for the
eye or the conventional RGB imaging sensors to resolve.
Thus, hyperspectral dermoscopy has both a wider spectral
range of imaging and better spectral resolution, which may
result in enhanced detection of melanoma.

[0053] An exemplary array covering the hyperspectral
range was constructed from commercially available LEDs
having the following wavelengths, as specified by the manu-
facturer(s) (“A spec”). In addition, the measured wavelength
of the LEDs (“A meas”) were obtained with an onboard spec-
trometer, with the ability to feed the measured information to
the processor. Although peak measured LED emission wave-
length is provided in Table 1, the spectrometer is capable of
measuring the entire spectral emission profile which may also
be fed back to the processor to optimize operation and data
collection.

TABLE 1
A(spec) Resistance 1_meas Mmeas)
LED nm Ohms mA nm
1 361 100 30 364
2 75 22 25 374
3 385 39 24 386
4 400 22 24 396
5 405 39 20 400
6 440 33 24 434
7 70 100 14 466
8 490 56 24 488
9 507 56 16 508
10 525 100 14 518
11 557 56 27 558
12 71 56 22 57
13 590 56 25 593
14 610 82 23 610
135 630 82 26 632
16 645 82 26 655
17 680 0 32 677
18 740 56 33 740
19 70 18 34 766
20 850 82 225 843
21 940 22 20 934
[0054] The camera used for hyperspectral imaging may be

a gray-scale camera or an RGB camera where the three color
channels are added together to form one gray-scale image.
The radiometric calibration enables specification of the frac-
tional reflectance at any particular location in the imaging
plane. Such a calibration is performed by obtaining an image
with a calibration standard (e.g., Labsphere Spectralon dif-
fuse reflection standard calibration target) and using said
image in combination with the skin image and the relevant
exposure information.

[0055] As shown in FIG. 13, radiometric calibration of the
apparatus may be obtained by measuring and storing the
optical illumination power of each LED as a function of time
after turning on the LED. The system performance includes
the optical power of illumination, which decreases slightly
after turning on the LED. Normalization by exposure time
alone is insufficient for calibration because an identical expo-
sure time for a particular image using a particular LED wave-
length may occur either immediately after the LED 1s turned
onor at a later time, when the LED has been on for some time
and the power is decreased.
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[0056] To calibrate the apparatus, as shown in FIG. 14,
sequential skin imaging occurs until the image is neither
saturated nor under-exposed. If underexposed, the integration
time is increased and another image is taken. If saturated, the
integration time is decreased and another image is taken. This
process repeats until a final image is taken that is neither
under-exposed nor over-exposed, thereby exploiting the full
dynamic range of the imaging system. At that time, when the
final image is saved, the start times (A or C) and stop times (B
or D) for the final image are registered with respect to the time
when the illuminating LED was turned on.

[0057] As depicted in FIG. 15, this procedure yields an
optical power calibration metric, which is the integral of the
optical illumination power function, over the actual image
exposure time from A to C (in the case of the standard image,
resulting in the calibration metric C1), or from B to D (in the
case of the skin image, resulting in the calibration metric C2.
[0058] Intheembodimentof F1G. 1A and FIG. 1B, housing
101 comprises one or more lenses 121 mounted in the
mechanical fixture 122 between the camera 13 and the distal
imaging plane 12 to focus the camera on the distal imaging
plane, and may comprise one or more filters, such as a polar-
izing filter or chromatic filter to condition the light emitted by
the LEDs or reflected by the lesion and captured by the
camera. The lenses are designed to minimize optical aberra-
tions and maximize optical transport throughput at the wave-
lengths of the illumination light. The lenses are also designed
to adjust the magnification of the optical imaging such that the
field of view encompasses approximately twice the lesion
size. In this manner, sufficient normal skin is imaged around
the suspected skin disease but the magnification is increased
as much as possible to obtain detail within the suspected skin
disease.

[0059] Inoneaspectofthe invention, means are provided to
adjust the focal length of the lens system at different wave-
lengths of illuminated light to adjust for the different focal
length of the lens at different wavelengths. A lens generally
has a different refractive index at different wavelengths of
light. A motor may be provided in a fixture between the sensor
array and the skin lesion to move the lens system according to
the wavelength of illuminating light. Under illumination of a
particular wavelength an image may be processed to obtain a
metric that measures the focal degree. This metric may be
maximized to optimize the focus at the particular metric
either in real time as the camera focuses or in post-processing
to calculate the optimum position of the lens to obtain focus at
the particular wavelength. This process may be repeated for
each wavelength and the focal positions thereby determined
may be stored to instruct the lens movement during skin
imaging. In embodiments, the motor may receive pro-
grammed instructions to adjust the position of the lens
according to the LED wavelength specified by the manufac-
turer of the LED. Alteratively, the motor may be pro-
grammed to position the lens system according to wave-
lengths of light measured at the lesion site with a
spectrometer. The spectrometer may be a fiber optic element
positioned near the site of the skin lesion.

[0060] The processing functions may be shared between
first and second processors. The first processor is typically an
onboard processor such as circuit board 11 adapted to drive
the camera and illumination system to acquire the image data
and provide real time information display to the user. The first
processor may transmit image data to a second processor
adapted to perform data-intensive processing functions
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which cannot readily be provided as real time display. The
second processor may deliver messages back to the first pro-
cessor for display. The second processor, if present, is typi-
cally a remote processor. The second processor may create
data files, image files, and the like, for later use.

[0061] In the embodiment of FIG. 1A and FIG. 1B, in
which the elements are shown schematically, the first proces-
sor is circuit board 11, adapted to drive the camera, focusing
motor and illumination of the LEDs, while the camera
sequentially obtains M images at the selected wavelengths.
The first processor may process the image data so obtained to
produce a display on a liquid crystal display (“LCD”) view
screen 19. Outer housing 191 encloses the LCD screen and
circuit board. Cable 17 is used to attach a second processor
and other components to the apparatus. Alternately, a battery
onboard an apparatus according to the invention and antenna
communications may be used to make the apparatus wireless

[0062] Asshownin FIG. 1A, fixture 100 is provided with a
lens holder 102 attached to the nose cone by a spacer 103,
sized to provide a self-contained assembly that can be
manipulated with one hand and positioned against a subject’s
skin lesion.

[0063] Provided sufficient image data are obtained at dif-
ferent wavelengths, diagnostically relevant areas of interest
on the skin lesion may be identified and differentiated using a
variety of display modules. Thus, colors or hyperspectral
signatures correlating to blood vessels within the lesion bor-
der; colors correlating to blue and blue white structures in the
lesion; colors correlating to pigmented networks which may
be regular or irregular; colors correlating to negatively pig-
mented networks; patterns of oxygen saturation; and patterns
of eumelanin and pheomelanin (which have different absorp-
tion profiles) all may be highlighted and separately displayed
with the display modules described below.

[0064] The processor(s) is adapted to transform the image
data into diagnostically relevant metrics and/or one or more
classifiers indicating the likelihood that skin disease is
present in a lesion by defining one or more properties selected
from the group consisting of [a] spatial texture features; [b]
brightness features; [c] features of the edge/border; [d] color
variation of a lesion on the subject’s skin; [e] variations in the
features of the pigmented network including the length,
shape, brightness and organization of the pigmented network
segments; and [f] oxygen saturation of the tissue defined by
the amount and ratio of oxyhemoglobin and deoxyhemoglo-
bin. These characteristics may be displayed in one or more
display modules to render a version of the lesion image
depicting the lesion, or segments of the lesion, with one or
more of these features of interest highlighted on a display for
the user. In one display module, depicted in FIG. 4, the N
spectral images are processed to form a topographical map of
the lesion pigment from mask images obtained at each of a
plurality of specified wavelengths. A mask image is defined as
an image having pixel brightness 1 inside the image border
and 0 outside the image border. Image data obtained at each of
the plurality of wavelengths will yield a different mask image
with the masks of red/infrared images being typically smaller
central regions of deeper pigment. Adding mask images at
different wavelengths permits the construction of a topo-
graphical map that shows the lesion’s depth within the skin.
FIG. 4 is a black and white rendering of an original color
image. This display module, which approximates a three-
dimensional display, may be useful to identify the appropriate
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excision borders for a skin lesion or the ideal location of
biopsy to most likely catch a malighant section of the lesion.

[0065] Inanother display module schematically depictedin
FIG. 5, the N sequential images obtained by the camera are
processed to render a display of the lesion in which areas of
interest in the lesion are shown in solid “false color”” The solid
false colors in the display, for example, light brown, dark
brown, red, black, blue/gray, and white, may be counted and
the number of colors displayed. The solid false colors may
correspond to detected regions of interest in the lesion, such
as a region consisting of blood vessels within the lesion
border; blue or blue-white skin structures a pigmented net-
work that is labeled as regular or irregular; negative pig-
mented network (a connected pattern of lightly pigmented
skin within the lesion borders); and an abnormal pattern of
oxygen saturation as defined by spectral fitting using the M
wavelengths of illumination. The display may toggle between
a color image created from the M spectral images to be
equivalent to what is seen with the eye, and the same image
with a region or regions of interest indicated at the selection of
the user. The highlighted features R, R,, R, . . . R, are
depicted schematically in FIG. 5 as rectangles. In an actual
embodiment, the shape of these highlighted features corre-
sponds to the shape of the underlying feature in the skin
lesion. The “false colors™ in this display module do not depict
the actual color of the region of interest, but are selected by
the user to highlight the region of interest.

[0066] Thedisplay module of FIGS. 3A through 3D depicts
the analytical advantage of the polar transformation of the
visual data obtained from a skin lesion according to the
present invention. FIG. 3A depicts conventional image data
ofanon-malignant skin lesion at a given wavelength. F1G. 3B
depicts the polar transformation of the image data from FIG.
3A, in which the x-axis represents an angular position of the
sweeping arm, and the y-axis represents the brightness values
along the sweeping arm at each angular position. FIG. 3D
depicts the same transformation of the image data from FIG.
3C, where the underlying image data is from a malignant
melanoma. This display module provides a visual impression
of the angular brightness variation in the malignant skin
lesion to be read from left to right instead of rotationally,
which is much greater than the variation in brightness of the
non-malignant lesion. Even before quantitative evaluation,
presentation of this image data in polar coordinates provides
a new vantage to view a clinically relevant metric.

[0067] FIG. 11 depicts a series of data transformation steps
which identify network nodes and branch segment lengths in
skin lesion image data and provides a metric of network
irregularity. In this context, “regular or irregular pigmented
networks” refers to a measure of regularity defined by the
branch segments of the network in terms of the length, width
and brightness of each branch segment and the collective
angular variation of those values. Important metrics are gen-
erated by identifying and characterizing pigmented networks
from the image data, including the steps of: a) identifying
branch segments; b) locating the coordinates of the centroid
of the branch segment; ¢) determining the length and width of
the branch segment and the ratio of length to width (or other
mathematical combination of length and width); d) determin-
ing the brightness of the segment; ¢) determining the variation
in brightness of the segment over different illumination wave-
lengths, I_L1,1_1.2,1_L3...I_Ln;f)determining the number
of nodes (where two branch segments meet), the number of
ends, and the ratio of the number of nodes to the number of
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ends (or other mathematical combination of the nodes and
ends). One such data transformation step which is helpful to
resolve network nodes and branches is referred to as the
“skeletonizing” step, as depicted in FIG. 11.

[0068] In identifying pigmented networks, especially to
distinguish a pigmented network from a blood vessel struc-
ture, the variation in brightness across wavelengths is useful,
because the blood vessel structure absorbs at different wave-
lengths than the pigmented structure.

[0069] The ratio of length to width is used to differentiate
globular pigment patterns (where the ratio is closer to 1), from
reticular patterns (where the ratio is much greater than 1).
Variation in the ratio across the angular sweep produced is
another metric correlated with melanoma.

[0070] A network includes branches connected by nodes
and ends thatare not connected to other branches. The ratio of
the number of nodes to the number of ends produces a metric
correlated with melanoma because a broken network (i.e., a
lower node:end ratio) correlates to melanoma.

[0071] In addition to LCD viewer 19, the apparatus may
comprise additional display outputs, adapted to display the M
black-and-white or color coded scale images taken at M
wavelengths as views in sequence or in a selectable manner,
which may be facilitated by a server application between a
computer and the data acquisition device. Data analysis of the
multispectral imaging described herein was performed in the
Matlab environment. However, transferring these program
elements to a different programming platform is within the
skill of one having ordinary skill in the art and this transfer is
contemplated for commercial applications.

[0072] The camera may also be controlled with a server
application that facilitates the image acquisition process and
which can be operated independently or controlled through
any separate software system capable of file input and output
and simulating keystrokes. The server application acts as a
bridge between the data gathering process and the data analy-
sis code, to power the LEDs that illuminate the sample, to
send image acquisition triggers to the camera, and to receive
image information from the camera for data analysis in an
efficient manner. The server application works by waiting for
keystrokes (real or simulated) using a Windows message
loop, which it then interprets and uses to send different com-
mands to the camera. Additional data transfer between the
server application and third party programs is accomplished
using standard file input/output (“I/0”) functions.

[0073] This server may be developed as a console applica-
tion in C++ computer language, for example, with the ability
to be re-implemented as a windows application, to handle
image acquisition and changing resolution, exposure time
and gains settings with the ability to add additional function-
ality as necessary. By enabling the server to be controlled by
keystrokes, it can be used on its own to acquire images from
the camera or in conjunction with third party applications that
can simulate keystrokes. Total acquisition time for imaging
21 different wavelengths of light can be reduced to about 30
seconds or less (as opposed to around 60 seconds using soft-
ware provided by the camera manufacturer). This server also
enables a live feed display, enabling the user to position the
assembly 100 around a suspicious lesion, for example, with a
frame rate of at least 5 frames/second. Additional features
may be included in the script to prevent accidental keyboard
input from interfering with the server application while it is
being controlled by a third-party application.
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[0074] The functionality of the server application is
enhanced by code that controls the lighting process, allowing
for images to be taken at different wavelengths of light and
with exposure times individually suited to each wavelength
and as necessary, adjusted on the fly to prevent under-expo-
sure or saturation, as well as code that enables the images to
be displayed as a live feed either on a monitor or on a small
screen attached to the imaging device.

[0075] The flow chart of FIG. 10 depicts the flow of com-
mands and data acquisition and analysis using the server
application. A master script 400 running on a first computer
provides actual or simulated keystrokes to the server applica-
tion 420, which controls image acquisition triggers through
camera serial input 480 and then accesses camera image
buffer 482 to return image data to the server application. The
server application powers the LED array 460 through micro-
controller 430. Once obtained, image data is processed by the
master script in a data analysis code module 410. The server
application 420 provides data to drive LCD screen output 450
and provides the master script 400 with live feed data for
display on the computer screen 440 of the first computer.
[0076] A refinement of the flow of commands and data
acquisition is shown in FIG. 17, wherein application 920
refers to stand alone code (such as C++ code) that enables
remote users to use an apparatus according to the invention—
essentially master code that may be hardwired to enable com-
mercialization of a standardized apparatus. The encryption
algorithm enables secure transport of the data to a centralized
analysis center where the diagnostic information can be ren-
dered. A network host is the conduit for such data transfer.
The 1ab refers to any central location where the data process-
ing may occur. Alternatively, the functions may be provided
onboard the apparatus: the analysis code would render the
diagnostic information on the unit, like a smartphone appli-
cation.

[0077] In the embodiment depicted in FIG. 2, the camera
and processor are integrated in a cellular phone 20 (which
includes “smart phones’). Many commercially available cel-
lular phones have adequate camera capabilities and process-
ing capabilities to implement the methods according to the
invention. Cellular phones sold under the iPhone® and
Android® brands, and many others, have the capability to
download server applications to implement the methods
described herein.

[0078] According to the embodiment of FIG. 2, a mechani-
cal fixture 22 is attached to the cellular phone 20 so that the
camera can be securely mounted while the fixture is posi-
tioned or pressed against the subject’s skin. The distal end of
the fixture 22 resembles a dermatoscope, and defines a plane
221 against which the subject’s skin lesion is positioned or
pressed to obtain an image while the camera is held in a fixed
position. The fixture 22 may include an illumination system
in the distal portion 223 of the fixture including an array of
LEDs similar to the CCD camera embodiment described
above, and/or polarizing or chromatic filter to enable partial
rejection of the illuminating wavelengths or conditioning of
the light received by the imaging camera. In this case, the
fixture may be adapted to disable the camera’s built-in flash.
Alternatively, the processor may be adapted to utilize the
built-in flash system provided with the cellular phone.
[0079] In the embodiment of FIG. 12, the distal imaging
plane is farther from the cellular phone camera lens, opti-
mally leveraging the focusing and imaging capabilities of
typical cellular devices. Fixture shaft 224 holds frame 222
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several inches from the camera lens. Frame 222 is positioned
or pressed against the subject’s skin to define a distal imaging
plane containing a lesion on the subject’s skin.

[0080] Where the camera’s built in illumination system is
used to illuminate the lesion, a mirror may be used to direct
light from the source to the surface of the lesion at an oblique
angle, so as to avoid glare caused by reflection from the
camera lens window. As shown in FIG. 12, a pair of mirrors
226, 228 may be attached to the cellular phone with a fixture,
preferably capable of being temporarily attached to the cel-
lular phone with a clip, adhesive, cellular phone sleeve, or the
like. The fixture holding the mirrors may be combined with
the fixture defining the distal imaging plane containing the
lesion. A mirror may be used in tandem with a light filter, but
in embodiments, the mirror is used without a light filter. In the
embodiment of F1G. 12, a single fixture 200 is attached to the
cell phone both for defining the distal imaging plane and for
holding the mirrors for directing light at the lesion from an
oblique angle. Light from the cellular phone built-in flash 230
is directed to the target at an oblique angle. Unwanted specu-
lar reflection from the target area (glare) is directed along path
234 away from the image path 232.

[0081] As with the clinical apparatus, external server appli-
cations may be adapted to drive the camera provided with the
cellular phone and external illumination systems. The cellular
phone or smart phone generally has a screen which serves as
the output device which provides the user with an indication
that a skin lesion is melanoma. The output may take the form
of a percentage likelihood that a skin lesion is melanoma,
together with a percentage uncertainty, or the program may
provide the user with a qualitative message, such as “suspi-
cious lesion: see your dermatologist.”

[0082] In another embodiment, the invention combines
wide and narrow field of view imaging systems for effectively
delivering the technology to the end user, i.e., patients, doc-
tors and the public. This combination may include a first
illumination system for illuminating a first area on a subject’s
skin; a camera having a wide field of view for obtaining wide
field image data from the illuminated skin; a processor for
processing the wide field image data to obtain a target area
within the first area which includes at least one skin lesion; a
second illumination system for illuminating the target area; a
camera having a narrow field of view for obtaining narrow
field image data from the illuminated target area; and a pro-
cessor for processing the narrow field image data to obtain
diagnostic information pertaining to the at least one skin
lesion. The wide field image data can be processed with
rotational analysis using the clock-sweep algorithm
described above, or other techniques may be employed to
identify a target area containing a lesion on the subject’s skin.
Narrow field image data may then be obtained from the target
area with a camera having a second field of view narrower
than the field of view of the first camera, using a second
illumination system.

[0083] The wide field of view is intended to image a rela-
tively large portion of a subject’s skin, potentially containing
plurality of skin lesions (“target areas” or “areas of interest™)
for further evaluation. Areas of interest, such as a skin lesion,
are identified in this wide field area and then isolated, for
example, by adapting techniques and apparatus for facial
photography described in U.S. Pat. Nos. 7,603,031, 8,218,
862, and 8,498,460, referenced above. Alternatively, wide
field image data may be obtained with a cellular phone or
smart phone. In still another embodiment, a wearable com-
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puter, capable of projecting images to the wearer with inter-
active processing capability, is well suited to obtain the initial
wide field image data according to this aspect of the inven-
tion. In preferred embodiments of the invention, the wide
field image data is processed to obtain statistical evaluation of
the size and irregularity of lesions in the first area.

[0084] In this aspect of the invention, narrow field image
data may be RGB image data obtained with a conventional
smart phone camera, or more preferably, hyperspectral image
data obtained and processed using the apparatus, methods and
systems described above. That is, after a lesion is identified, a
camera adapted with an illumination and sensor array for
hyperspectral imaging processes the image data with a clock
sweep algorithm to obtain diagnostically relevant metrics
and/or one or more classifiers defining the rotational symme-
try on a per lesion basis from the rotational distribution of
properties selected from the group consisting of: [a] spatial
texture features; [b] brightness features or [c] features of the
lesion image edge/border, including the sharpness with which
the lesion borders normal skin; [d] color variation of a lesion
on the subject’s skin; [e] variations in features of a pigmented
network including the length, shape, brightness and organi-
zation of pigmented network segments; and [f] oxygen satu-
ration of tissue as defined by the amount and ratio of oxyhe-
moglobin and deoxyhemoglobin. This group of properties
may also include [g] the heterogeneity of pigment species
such as eumelanin, pheomelanin and other species of pig-
ment.

[0085] Thus, successively more sensitive and selective
diagnostic indications are obtained, first on the meter scale,
with a wide field image data acquisition system, and thereaf-
ter on the centimeter scale with narrow field image data.
When a target area is identified in the wide field image data,
the narrow field image data processor is able to locate a center
and border of the lesion and determine that the lesion is in fact
the target area.

[0086] Successively finer resolution imaging systems may
be used to provide increased diagnostic sensitivity and selec-
tivity. For example, after a lesion is evaluated with the narrow
field image data processing and an indication of the likelihood
of the presence or absence of skin disease is obtained, the
clock sweep algorithm may be applied to more finely resolved
image data, for example, image data obtained with a confocal
microscope. The identified lesion, or a target area within a
lesion, may be evaluated with a still finer resolution image
acquisition system, such as a Raman spectroscope.

Methods, Metrics and Classifiers

[0087] The methods according to the invention may be
described as a series of conceptual “steps.” As would be
apparent to the person of ordinary skill in the art, the steps
may be followed sequentially, or in an order different from the
order stated; the steps may be done in parallel, done at the
same time, or done iteratively, without departing from the
scope of the invention. Describing a step as the “first step” or
“next step” is for convenience only. The image data obtained
from a subject’s skin lesion may be manipulated by computer
according to these steps and output to display modules. FIG.
16 depicts an overview of the image acquisition 700, image
processing 800 and diagnostic display 900 processes that are
described herein.

[0088] The first step of the method consists of obtaining
image data from a subject’s skin with a camera. Generally,
this means photographing a lesion on the skin. The resulting
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image data will comprise data from the lesion and the sur-
rounding skin, and may include data which are not part of the
lesion or surrounding skin, including hair, markings made by
a dermatologist or other data elements that are not analyzed
and simply need to be removed from the image. To complete
this step, the processor may replace pixel brightness and color
values of the hair-containing locations with pixel brightness
and color values of the skin underlying or immediately adja-
cent the hair, for example.

[0089] The image data consists of pixel gray-scale or
brightness information in M different color layers. As used
herein, a “multispectral image” is an image obtained at a
plurality of wavelengths or “layers,” so that each pixel in the
image is associated with M numbers that form a spectral
measurement, and each in, is a brightness or gray scale mea-
surement at a different color layer. Thus, the image data
consists of M images sequentially acquired by the camera
while illuminating the skin at wavelengths that range from
300 nm to 950 nm. The spectral measurement is fit as the
weighted sum of N chromophores, corresponding to the num-
ber M of images obtained. Typically, pixel brightness infor-
mation is obtained at least in the red-green-blue (“RGB”)
layers, but pixel brightness information is also preferably
obtained for other spectral bands. Relevant information is
obtained using illumination and detecting reflected light in
the visible and non-visible range, including the blue and UV
range at 300 nm to 500 nm, and even more particularly in the
non-visible 300 nm to 400 nm UV range.

[0090] As used herein, “chromophores” refers to color
components found in a skin lesion, such as melanin (includ-
ing eu-melanin distinct from pheo-melanin), oxygenated
hemoglobin and deoxygenated hemoglobin. Generally, at
least these four have distinct absorption profiles such that the
spectral images can be analytically fit as the weighted sum of
at least these four chromophores. However, skin contains
water, which absorbs in the infrared, bilirubin, which has a
distinct absorption in the visible spectrum, and potentially
could be found to contain other diagnostically relevant com-
ponents, such that a measurement could be fit as a weighted
sum of N chromophores, wherein N is 4, 5, 6, or more chro-
mophores.

[0091] Once the image data is obtained, the border, shape
and center of the lesion are identified. The first step in deter-
mining the shape is known as “segmenting” and various com-
puter implemented techniques known in the art may be used
to identify the shape and border of a lesion. Briefly, segment-
ing results in a mask being applied so that pixel brightness at
a given wavelength is reduced to a mask image, in which
pixels have brightness value of 1 inside the lesion and 0
outside thelesion. A “mask”as used herein is an image having
a brightness value of 1 inside the image border and 0 outside
the image border.

[0092] In a subsequent step, the center of the lesion (or
close approximation of the center) is determined. The center
of the lesion may be calculated as the center of mass or
geometric centroid of the mask image, such that each region
of the lesion shape is treated as having identical density.
Alternatively, the center of mass may take into account the
variation of brightness in the shape. Unless stated otherwise,
in the following examples, the center of mass is obtained from
amask image, such that the lesion is treated as having uniform
brightness to determine the center of mass. As the image will
have a different mask and therefore a different border at each
wavelength, the image at each wavelength may be associated
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with a respective center, and the distance between the “cen-
ters” (“Ar”) may be used with other metrics. The variance
(“var Ar”), range (“range Ar”) and mean (“mean Ar’’) may
also be combined into classifiers.

[0093] A sweeping arm is a line segment connecting the
center of the lesion to the border. The “clock-like” sweep as
used herein, means rotating the sweeping arm about the fixed
center of the image in either a clockwise or counter-clockwise
direction to obtain information about the pixels on the sweep-
ing arm as a function of rotation angle. To obtain metrics from
the image data, the sweeping arm rotates around the center
with one end fixed at the center for 2 pi (2rt) radians or 360°
(one complete sweep). Data is sampled at regular intervals of
radians or degrees. F1G. 7 depicts the clock sweep arm r at an
angle 6 with respect to the vertical. On the left hand side of
FIG. 7, borders of the lesion at three different wavelengths are
shown. On the right hand side of FIG. 7, the brightness of the
pixels on the sweeping arm is plotted as a function of angular
position. The data obtained in the sweep may be processed
into a series of metrics and/or one or more classifiers which
cannot be obtained by evaluation of image data which have
not been transformed into polar coordinates.

[0094] As used herein, “metrics” are values calculated from
the image data which bear a correlation to disease states
(melanoma in the preferred examples). Examples of metrics
are listed in Table 2.

TABLE 2

Vi Angular brightness range

V2 Mean standard deviation (S.D.) of brightness

V3 Range in S.D. of brightness

V4 Standard deviation (8.D.) of S.D. in radial
brightness over all angles

V5 Mean absolute brightness shift between
successive angular positions

V6 S.D. of absolute brightness shifts

\ Sum of the brightness shifts over full sweep

Vg Maximum border asymmetry

V9 Border asymmetry evaluated at 90° with respect
to the minimum asymmetry axis

V10 Lesion border length/lesion area

Vil Mean lesion demarcation (edge slope)

V12 S.D. of lesion demarcation

Vi3 Fractal dimension

Vi4 Lesion brightness variation over all lesion

Vis Mean demarcarion (edge slope) fit error

V16 S.D. demarcation (edge slope) fit error

V17 Lesion brightness variation over all lesion

V18 Mean length/area of pigment segments

V19 S.D. length/area of pigment segments

Metrics V1 through V7 and V14 capture measurements and
statistical information relating to the variation in brightness of
pixels on the sweeping arm in relation to other pixels on the
sweeping arm, and over different angular positions of the
sweeping arm. Metrics V8 through V13 and V15 through V19
capture measurements and statistical information relating to
the edge characteristics and presence of reticulated structures
in the lesion.

[0095] The metrics enable quantitative analysis of param-
eters familiar from conventional dermatological examina-
tion, such as the ABCD technique of lesion screening, which
evaluates the asymmetry (A) of a lesion, and lesion border
(B), color (C) and dermoscopic structures (D). But the sys-
tems and methods of the invention also provide a wealth of
information that cannot be obtained from conventional
screening, ultimately yielding a percent likelihood that a
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lesion is melanoma or nevus, which conventional screening
could never do. According to the invention, the factors rel-
evant to conventional dermatology are synthesized in a series
of metrics, which are then combined in one or more classifiers
that may be trained on a set of lesions of known pathology to
vield a system of diagnosis of skin disease.

[0096] One metric that may be obtained from the angularly
sampled data is the angular brightness range (V1), defined as
the maximum value of mean brightness on the sweeping arm
minus the minimum value of mean brightness over the full
rotational sweep. Thus, the mean brightness of the pixels on
the sweeping arm is calculated at each angular sample posi-
tion of the sweeping arm, and the minimum value calculated
is subtracted from the maximum value to obtain (V1). The
angular brightness range (V1) will vary more if the lesion has
overall non-uniformity in pigment.

[0097] The right hand side of FIG. 7 depicts the angular
brightness range of pixels on the sweeping arm (V1) as a
fanction of angular position. The mean standard deviation of
brightness (V2) of pixels on the sweeping arm is depicted as
the vertical line associated with each angular position. Large
variations in (V1) and a large range of (V2) correlate to
melanoma. For the mean standard deviation of image bright-
ness (V2), the variance in angular brightness as calculated
with the standard deviation reveals an additional feature of
oscillating brightness around the angular sweep. If the bright-
ness alternates between light and dark many times over the
sweep, this variable will be larger, whereas the angular bright-
ness range (V1), will only pick up the peak to minimum
brightness range.

[0098] Another metric that may be obtained is the range in
standard deviation of brightness (V3). A standard deviation is
obtained from all the values of brightness on the sweeping
arm at each angular position and the range of these values
over all angular positions is calculated to obtain (V3). For the
standard deviation of the values of variance along a single
instantaneous radial brightness over all the possible angles
(V3), the individual standard deviations are plotted as vertical
black lines. The mean standard deviation of the radial bright-
ness is evaluated over all angular positions. This variable (V3)
measures the variation of brightness along the radial clock
arm that sweeps the lesion. Though this variable (V3) will be
higher for heterogeneous pigment distribution, it does not
distinguish between globular and reticular pigmented pat-
terns.

[0099] Another metric is the standard deviation over all
angles of the standard deviations at each angular position
(V4). This variable describes to what degree the heterogene-
ity of pigment distribution itself is heterogeneous. This vari-
able (V4) would be high, for example, if there were some
angles at which the lesion contained an even pigment distri-
bution and other angles that contained a reticular or globular
pattern of bright/dark areas.

[0100] Other metrics evaluate the brightness shift (absolute
value) at successive angular positions (V5) the standard
deviation of the absolute value of the brightness shift over all
angular positions (V6), and the sum of the brightness shift
(absolute value) over all angular positions (V7). The mean
instantaneous brightness shift at successive angular positions
(V5) is the average derivative of remittance of the angular
brightness over all possible angles. The average derivative of
remittance adds up the instantaneous changes in brightness
over all possible angles, in this way, the variable (V5) is
similar to variable (V2). The standard deviation of the abso-
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lute value of the brightness shift over all angular positions
(V6) is the derivative variance. The variance of the derivative
of remittance describes how much variability exists in the
instantaneous change in brightness over the angular sweep. If
some angular ranges are flat (i.e. low intra-range brightness
derivative) and some ranges vary wildly, the variable (V6)
will have a high value. The sum of the brightness shift over all
angular positions (V7) is the total variance. For a uniformly
colored lesion, the variable (V7) is zero.

[0101] The person of ordinary skill in the art of computer-
implemented diagnostic analysis of dermoscopic images will
recognize that the angularly sampled spectral image data lend
themselves to mathematical combination and statistical
manipulation once the data is obtained, so that the foregoing
list of metrics having correlation to disease states is not
exhaustive.

[0102] The maximum border asymmetry (V8) is another
metric, along with the border asymmetry perpendicular to the
axis of most symmetry (V9). The border asymmetry is cal-
culated by flipping the silhouette of the lesion and dividing
the mismatched area by the total area. An irregularly shaped
border will result in a high value for this variable (V8). In
embodiments, border asymmetry was obtained by converting
the lesion segment in the blue channel to a binary mask and
flipping the binary lesion about a bisecting axis, thereafter
rotating the axis in 10 degree increments from zero to 180
degrees to obtain 18 samples of asymmetry as a function of
analysis axis. The subtraction of the original mask from its
flipped counterpart yielded a map where overlapping regions
had a zero values (1-1=0), regions not occupied by either the
original or flipped mask had zero values (0-0=0) and regions
of mismatch had an absolute value of 1 (1-0=1 or 0-1=-1).
The absolute value for a perfect circle would be zero every-
where and the sum would be zero, indicating perfect symme-
try. Real lesions had mismatched areas, which lead to non-
zero values in the subtraction map, which when summed and
divided by the sum of just the original mask, equaled the
fractional area of mismatch, and represented the asymmetry
of the border of the lesion. The angle at which the minimum
asymmetry factor occurred was designated as the axis of most
symmetry. Then, the asymmetry of the lesion was evaluated at
90 degrees with respect to the symmetry axis. The individual
asymmetry images are depicted in FIG. 6. The border asym-
metry perpendicular to the axis of most symmetry (V9) is
similar to variable (V8), but instead of reporting this variable
when flipping the lesion about the axis that yields the highest
value of the variable, variable (V9) reports the result using the
axis perpendicular to the axis that yielded the lowest value of
the variable.

[0103] Some of the metrics obtained from scanning and
analysis of the pixel brightness information are obtained for a
given wavelength. Other metrics require a combination and/
or comparison of image data obtained at different wave-
lengths. Regions of interest in a lesion may be associated with
different colors, including blood vessels (red) within the
lesion border, blue or blue-white skin structures, pigmented
networks (associated with eumelanin (brown) or pheomela-
nin (red).

[0104] The border roughness metric (V10) is the length of
the border of the lesion segment squared divided by the area
of the lesion. For a circle, this would be the circumference
squared divided by the area. The border roughness (V10)
describes how much the radius of the lesion varies during the
clock sweep scan of the lesion. For a circle, the variable will
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be minimized but for a lesion that has many fingers protruding
into the normal skin, this variable (V10) will be high.

[0105] Initially, the clock sweep may be used to enhance
the determination of the border. An edge fit algorithm runs
during the clock sweep and utilizes the variation in pixel
brightness at the edge of the lesion shape to iteratively deter-
mine a more accurate edge.

[0106] The “edge slope” metric (V11)is the mean gradient
in brightness at the border during the transition from dark
(inside the lesion) to light (outside the lesion) over the full
sweeping arm rotational range. Also characterized as the edge
slope or edge sharpness (V11) quantifies lesion demarcation.
If the lesion has an abrupt border, as in melanoma, this vari-
able (V11) will have a high value. The standard deviation of
edge slope over all angular positions produces the standard
deviation of lesion demarcation (V12). For the standard
deviation of the lesion demarcation (V12), the variation in the
edge sharpness will be high if the lesion border in some
locations is sharply demarked and in other locations is a more
gradual transition. An edge fit algorithm may be used to
produce a function defining the border of the lesion from the
edge slope which also produces edge slope fiterror (V15). An
edge slope fit error for the standard deviation of lesion demar-
cation (V16) may be similarly obtained. The fractal dimen-
sion (V13), The fractal dimension (V13), which can be a
Hausdorf fractal dimension of the lesion silhouette at a par-
ticular wavelength is another measure of the border irregu-
larity which may be calculated according to known methods.
The length to area ratio of pigment segments (V18) and
standard deviation of this ratio (V19) are also metrics which
bear correlation to melanoma.

[0107] Additional metrics include variables (V20) through
(V30). The ratio of the mean diameter of the lesion segment to
the maximum correlation distance (V20) describes the size of
the pigmented network features relative to the size of the
lesion. For a lesion with small pigmented features such as a
well-defined reticular pattern, this variable (V20) will be high
while for a lesion that has large areas of dark pigment such as
globules, this variable (V20) will be low.

[0108] The eccentricity factor of the cross correlation
matrix of the lesion segment image (V21) is the ratio of
correlation in X to correlation inY. This variable (V21) quan-
tifies asymmetry in the cross correlation of the lesion. If a
lesion has long pigmented ridges, for example, the correlation
length along the direction of the fingers will be high while the
correlation length perpendicular to the fingers will be small.
Such a lesion will have a high value for this variable (V21).

[0109] The standard deviation of the lengths of the pig-
mented network branches in the entire lesion (V22) is another
metric. For the branch analysis, which skeletonizes the pig-
mented network, this variable (V22) quantifies the variability
in branch lengths. If the lesion has some areas with many
small branches but other areas with long branches, this vari-

able (V22) will be high.

[0110] The standard deviation of the brightness of the pig-
mented network branches in the entire lesion (V23) is another
metric. If the branches have variable intensities (i.e. some
branches are dark and some are light), this variable (V23) will
be high.

[0111] The mean value of the standard deviation in branch
brightness over the mean branch brightness, over all the
branches (V24) describes the intra-branch variability in
intensity.



US 2016/0166194 Al

[0112] The average eccentricity of the original dark net-
work segments (long axis diameter divided by short axis
diameter) (V25) describes how elliptical the original (un-
skeletonized) pigmented regions are. If the pigmented
regions are natural branches such as in a reticular pattern, this
variable (V25) will be high. If the pattern is globular and the
pigmented regions are more round, this variable (V25) will be
low.

[0113] The standard deviation of the eccentricity of the
original dark network segments (long axis diameter divided
by short axis diameter) (V26) quantifies the variation in ellip-
tical factors of the pigmented regions. If a lesion has a globu-
lar component as well as a reticular component, this variable
(V26) will be high.

[0114] Theconnectedness of the pigmented network (V27)
is the number of branch points divided by the number of end
points. The connectedness of the pigmented network will be
higher for a globular pattern than a reticular pattern because
globules do not connect. This variable (V27) will also be
higher for a reticular pattern if the branches are broken.
[0115] The range of the average branch length in an incre-
mental angular zone evaluated over all possible angles (V28)
evaluates how the branch lengths change in different direc-
tions. If a reticular lesion has an irregular pigmented network
where the branches in some regions are longer than in others,
this variable (V28) will be high.

[0116] The range of the average branch brightness in an
incremental angular zone evaluated over all possible angles
(V29) quantifies the brightness of the branches in the same
angular way that the previous variable (V28) quantifies
branch lengths.

[0117] The range of the average number of branches in an
incremental angular zone evaluated over all possible angles
(V30) is another metric.

[0118] FIG. 8 depicts the discriminative power of each of
the metrics V1 through V19. Each box in the chart represents
arange of values for a given metric according to whether the
skin lesion in the sample is a melanoma or nevus (as deter-
mined by pathologist screening); therefore, each metric is
associated with two columns of data points and two boxes.
The vertical lines in each column represent barriers for atypi-
cal data and the points above and below represent potential
outliers. Thus, the larger the vertical displacement of the
boxes for nevus and melanoma, the more discriminating the
metric. A shorter overall height of the boxes in the chart
represents less uncertainly in the prediction for that metric.
[0119] Correlations of metrics to disease states may be
obtained from a sample of lesions obtained from human sub-
jects, containing known melanoma and nevi, and applying
two-sided unpaired t-tests. Table 3 below tabulates P-values
for preferred metrics in two-sided unpaired t-tests applied
using the methods of the invention to a sample including
melanoma and non-cancerous nevi (n=115 samples). In Table
3, alower P-value represents a higher correlation of the metric
with the correct prediction that a given lesion is melanoma.
The discriminatory power of the metrics improves as the
wavelength of illuminating light is shifted toward shorter
wavelengths, particularly into the blue and ultraviolet. This is
shown in Table 3, wherein metrics M1 through M16 corre-
spond to (V1) through (V16) described above, and M17
through M27 correspond to (V20) through (V30) described
above. Table 3 shows the P-values—the statistical correlation
between a particular metric prediction and the occurrence of
melanoma in a lesion—repeated for each wavelength of red,
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green and blue illuminating light. The P-values trend lower as
the wavelength of illuminating light moves toward the blue.

TABLE 3
Metric Red Channel Green Channel Blue Channel
M1 0038512853  0.005974978 0.005413393
M2 0.064100668 0.004186356 0.000931948
M3 0.051076855 0.049752151 0.004417105
M4 0015508981  0.004775704 0.000322272
M5 0053177386 0.000288015 3.11E-05
Mé 0.083413521 0.0017528 0.000203987
M7 0053177386 0.000288015 3.11E-05
M8 0.06168296 0355771648 0.373633602
M9 0.18969333 0941812711 0.51577414
M10 0764701562 0.118919328 0.071004505
M1l 0223854987  0.017938675 0.001834162
M12 0595301519 0.341014351 0.566527499
M13 0.000128953  0.014482528 0.023037402
M14 0019109506  0.050021307 0.041666677
M15 0013434262 0.005961503 0.000900939
M16 0.042338391  0.068554129 0.046165566
M17 1.67E-05 0.005296628 0.00494726
Mi8 0.707233508  0.794075037 0.825754151
M19 0013854117 0.770162679 0.99699408
M20 0.13132109 0.018472359 0.004819414
M21 0464474471 0.192611265 0.167729501
M22 0.050291628  0.032035539 0.047297197
M23 0.066784433  0.041333049 0.052544662
M24 0.105241821  0.404152353 0.474939953
M25 0.166005642  0.044997689 0.200169654
M26 0.021380908  0.339045255 0.857779693
M27 7.43E-05 0.000717461 0.027130568
[0120] As used herein “classifiers” are combinations of

metrics in functions built using multivariate methods to
increase the predictive ability of the method to distinguish
melanoma from nevi. Classifiers may be obtained and opti-
mized according to known techniques by maximizing the
performance of a set of classifiers in receiver operator curve
(“ROC”) maximization. An example of ROC maximization
for classifiers distinguishing melanoma from nevi is repro-
duced in FIG. 9, which plots specificity (true negative rate)
versus sensitivity (true positive rate), such that a maximum
area under the curve in FIG. 9 represents an accurate classi-
fier.

[0121] The output ofa classifier is a percent likelihood that
a lesion is melanoma, which may be coupled with a percent
error or uncertainty for the classifier. This can be output for
the user in any desired format. A dermatologist may want to
see the underlying statistical information displayed as num-
bers and graphs, either on the device LCD screen, or on the
screen of the computer communicating with the device. The
ordinary patient may prefer an intuitive system of identifying
potentially dangerous lesions, where the lesions most likely
to be melanomas are identified with a red light and the least
dangerous with a green light.

[0122] In order to develop the classifiers, a sample of nevi
of known pathology was obtained and classifiers were devel-
oped using a “training” subset of the sample using both linear
techniques (such as regressions and linear discriminant
analysis) and nonlinear techniques (such as neural networks
and decision tree algorithms) The following linear classifier is
an example of a classifier developed from a training set hav-
ing some predictive ability to discriminate between nevi and
melanoma:

L=0.16*range-0.87*edge+0.68
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where range and edge are metrics defined above and L rep-
resents a classifier that may be compared to a threshold to
vield a classification of melanoma or nevus. More robust
classifiers can be created by incorporating more of the met-
rics, such as the classifier in the accompanying computer code
that uses all the metrics. “Training” was possible because the
pathology of the lesions was known from prior pathologist
screening, and the metrics and constants may be selected to
maximize the area under the ROC curve. Subsequently, the
“trained” classifiers are applied to lesions having unknown
pathology. (In the experimental setting this means that the
investigator was blind to the pathology of the lesions and did
not adjust the classifiers; in the real world setting the device
will typically be applied only to lesions having unknown
pathology, and the thresholds and classifiers will be pre-
programmed) As would be apparent to one of ordinary skill in
the art, a larger training sample and slight variation of the
metrics will likely yield improved classifiers, without depart-
ing from the scope of the invention. Once obtained, the clas-
sifiers are applied to the image data of lesions whose pathol-
ogy is unknown. According to the invention, a sensitivity/
specificity of 86%/91% was obtained, with an overall
diagnostic accuracy of 89%. This result is expected to
improve with routine optimization at 99% sensitivity, the
specificity was as high as 56% in some test sets, showing
significant improvement over the prior art.

[0123] Thecomputer program reproduced in Table 4 below
describes and enables in detail the data processing steps
described herein.

[0124] Using the camera in the embodiment of FIG. 1A and
FIG. 1B for image data acquisition is straightforward, as
described in the following sample operation protocol.

Routine Operation

[0125] 1. Clean the imaging window at the distal imaging
plane of the apparatus by wiping with an alcohol prep pad.

[0126] 2.Identify and open the graphic userinterface (oper-
ating software) on the desktop.

[0127] 3. Enter the requested details about the patient and
lesion.
[0128] 4. Press play to activate a live imaging feed. Check

to see that the LEDs have illuminated. The device should be
emitting light.

[0129] 5. Place a drop of water on the target skin lesion.

[0130] 6. Press the imaging window against the skin cen-
tered on the lesion.

[0131] 7. Verify on the touchscreen that the lesion is in the
center of the image.

[0132] 8. Verify that the contact is complete across the
window without bubbles between the window and the sub-
ject’s skin.

[0133] 9. Touch “Acquire” on the touch screen and wait 3
seconds for acquisition.

[0134] 10. Verify that the images were acquired by watch-
ing the playback that occurs after acquisition. In particular,
check that:

[0135] a. contact was maintained throughout the image
acquisition (no bubbles)

[0136] b. the device did not slip (i.e. the images did not
shift laterally)

[0137] c. the color image that displays at the end of
playback is uniformly balanced. If contact and stability
were insufficient, the color image will have sections that
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are unexpected, such as one half of the lesion appearing

blue and the other half appearing red.
[0138] 11.1f contact and stability are not verified, re-stabi-

lize and repeat acquisition.
[0139] The foregoing description of the preferred embodi-
ments is for illustration and is not to be deemed as limiting the
invention defined by the following claims. The primary appli-
cation of the invention is to detect melanoma in humans and
to distinguish cancerous from non-cancerous lesions. How-
ever, in principle, the apparatus and methods have broad
application in the detection and display of other skin diseases
and diseases in other human tissues. Moreover, using the
clock sweep method of analyzing multispectral image data
according to the invention lends itself to the development of
improved metrics and more discriminating classifiers for the
detection of melanoma, without departing from the scope of
the invention. The foregoing descriptions of a clinical appa-
ratus and cellular phone apparatus enable the person of ordi-
nary skill to practice variants thereof without departing from
the scope of the invention.
1.-49. (canceled)
50. A method of diagnostically imaging at least one skin
lesion on a subject’s skin, comprising the steps of:
illuminating with a first illumination system a first area on
a subject’s skin;

obtaining wide field image data from the illuminated skin
using a camera having a first lens with a wide field of
view;

processing the wide field image data to identify a target

area within the first area on the subject’s skin, the first
area including the at least one skin lesion;

illuminating the target area with a second illumination

system, and obtaining narrow field image data from the
illuminated target area with a camera having a narrow
field of view;

obtaining narrow field image data from the illuminated

target area with a camera having a narrow field of view;
and

processing the narrow field image data to obtain a diagno-

sis of the at least one skin lesion.

51. The method according to claim 50, further comprising
obtaining additional narrow field image data from the target
area with a camera having a third field of view narrower than
the narrow field of view, said third field of view being the field
of view of a confocal microscope.

52. The method according to claim 51, further comprising
obtaining high resolution narrow field image data from the
target area with a camera having a fourth field of view nar-
rower than the third field of view, said fourth field of view
being determined by Raman spectrometer.

53. The method according to claim 50, wherein processing
the wide field image data includes statistical evaluation of the
size and irregularity of lesions in the first area.

54. The method according to claim 50, wherein processing
the narrow field image data includes a clock sweep algorithm
transforming the narrow field image data with a processor
into metrics and/or one or more classifiers defining the rota-
tional distribution of one or more properties selected from the
group consisting of [a] spatial texture features; [b] brightness
features; [¢| features of a lesion image edge/border, including
the sharpness with which the lesion borders normal skin; [d]
color variation of a lesion image; [e] variations in the features
of the pigmented network including the length, shape, bright-
ness and organization of pigmented network segments; and
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[f] oxygen saturation tissue as defined by an amount and ratio
of oxyhemoglobin and deoxyhemoglobin said metrics and/or
one or more classifiers being used to provide the diagnosis.

55. The method according to claim 50, wherein the wide
field image data is red-green-blue image data.

56. The method according to claim 55, wherein the wide
field image data is obtained with a camera integrated with a
cellular phone.

57. The method according to claim 50, wherein the wide
field image data is obtained with a camera worn on a user’s
body, capable of projecting images to the wearer, and having
interactive processing capability.

58. The method according to claim 50, wherein the wide
field image data is hyperspectral image data.

59. The method according to claim 50, wherein the narrow
field image data is red-green-blue image data.

60. The method according to claim 50, wherein the narrow
field image data is hyperspectral image data.

61. The method according to claim 50, comprising switch-
ing lenses and illumination systems in an integrated unit to
obtain the wide field image data and narrow field image data
with the same unit.

62. The method according to claim 50, comprising succes-
sively processing meter scale image data, centimeter scale
image data, millimeter scale image data and micrometer scale
image data with respective scale focal length focusing sys-
tems to obtain diagnostic information at each respective focal
length.

63. A system of diagnostic imaging of one or more skin
lesions on a subject’s skin, comprising:

awide field camera having a first lens with a wide field of
view and a first illumination system adapted to illumi-
nate a first area on a subject’s skin corresponding to the
first field of view;

a narrow field camera having a second lens with a narrow
field of view and a second illumination system adapted
to illuminate an area within the first area; and

a processor operatively connected to the wide field camera
and the narrow field camera adapted to obtain and pro-
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cess image data from the wide field camera and the
narrow field camera to provide a diagnosis of said one or
more skin lesions.

64. The system according to claim 63, wherein the first lens
and second lens are incorporated in a single camera unit, so
that the single camera unit is switchable from a wide field of
view to a narrow field of view, the first lens having a longer
focal length than the second lens.

65. The system according to claim 64, wherein the single
camera unit has a first illumination system and a second
illumination system adapted to illuminate a wide field of view
and a narrow field of view, respectively, and said first and
second illumination systems can be deployed with the single
camera unit.

66. The system according to claim 64, wherein the first
camera includes at least one Charged Coupled Device (CCD)
sensor or Complementary Metal Oxide Semiconductor
(CMOS) sensor detecting Red Greed and Blue (RGB) light.

67. The system according to claim 64, wherein the first
camera includes at least one Charged Coupled Device (CCD)
sensor or Complementary Metal Oxide Semiconductor
(CMOS) sensor detecting hyperspectral wavelengths of light.

68. The system according to claim 64, wherein the proces-
sor is adapted to transform the image data into metrics and/or
one or more classifiers defining the rotational distribution of
properties selected from the group consisting of [a] spatial
texture features; [b] brightness features or [c] features of the
lesionimage edge/border, including the sharpness with which
the lesion borders normal skin; [d] color variation of a lesion
on the subject’s skin; [e] variations in features of a pigmented
network including the length, shape, brightness and organi-
zation of pigmented network segments; and [{] oxygen satu-
ration of tissue as defined by the amount and ratio of oxyhe-
moglobin and deoxyhemoglobin said metrics and/or one or
more classifiers being used to provide the diagnosis.

69. The system according to claim 64, wherein one or both
of the first illumination system and the second illumination
system provide illumination at hyperspectral wavelengths of

light.
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