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OPTICAL POLARIMETRIC IMAGING

BACKGROUND

1. Technical Field

The present invention is related to  probing morphology of tissue, such as in vivo skin

tissuc in vivo.

2. Description of Related Art

The phenomena of changing polarization state of back scattered light from a turbid
medium arc well known. In 1988, Philip et al.[2] studied these phenomena in skin tissue
and followed by Anderson et al.[3] in 1991. In 1998-2002 Jacques used a sidc
itllumination apparatuses.[4,5.6] In 2003, Anderson uscd his method for skin lesion
boundary detection for Mohs micrographic surgery. [7] An cnhanced view of vasculature
and pigmented lesions was obtained. In 1999, Bueno et al.[8] showed an imaging of the
cyc retina by cxtracting the 16 paramcters of Mucller matrix. The degree of polarization
(DOP) was extracted from those images for the retinal plane. In 2004, Boulesteix ct al.[9]
used the method for stained hepatic biopsy, extracting the degrce of polarization from
Mucller matrices at the visible and near infrarcd spcctral realms, and anomalous structure
of the collagen was emphasized at different wavclengths. In the same year Ramella et al.
[10] simplified the readout of two polarization (parallel and crossed polarizations
comparcd with the light source polarization) from a tissue by using two cameras and
calculated the normalized contrast between them simultancously (S1 paramcter of Stokes
vector). Weber ct al.[11] manipulated the cross and parallcl polarizations separatcly so a
tiny vein in the eye could be recognized. Liu ct al.[12] measurcd the back-scattering
Mueller matrix of a rat-skin sample almost in real-time using side illumination and the
diattenuation, rctardance and thce depolarization paramcters were deduced from the
Mucller matrices. In 2005 Ramclla ¢t al.[13] described a better way to illuminate the
tissue by skewed illumination for back scattered imaging and even a handy tool. [14] This
allowed them to climinate the glare with no nced for oil or water as matching refractive

index. Polarization contrast symbolized by Stokes parameters Pol = S1/S0 carry only few
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percentages of the light source. Thus in 2006 Zhao ct al.[15] removed the noisc by using
adaptive wavelet transform method that can be easily applied to tissue imaging. Bruno et
al.[16] constructed hemispherical spectro-polarimetric scattering instrument to manipulate
scrics of Stokes parameters. In 2009 Zhao et al.[17] harnessed the principal component
analysis (PCA) and image fusion[18,19] to the analysis of tissue characteristics and
proposcd a visual enhancement method to fuse the acquired spectral and polarimetric

information by using false color mapping.

US patent 7289211 [1] discloscs methods for calculating Stokes parameters on reflection

from skin tissue.

Zhang et al. [20] performed rescarch on an Asian male with a dark red skin and a
Caucasian malc with a light-pink skin. As a rule of thumb, these types of skin arc the
typical among all kinds of skin and surely suitable for spcctral decision of preferable

wavelengths.

Rcefercnces:

[1] Joseph T. Wals, "Systcm and mcthod for imaging sub-surfacc polarization-sensitive
material structures," United State patent, Patent No. US 7289211, Issue date: Oct. 30,
2007.

[2] J. Philip, Carter NJ, Lenn CP. “Improved optical discrimination of skin with polarized
light”. J Soc Cosmet Chem. 1988;39:121-132.

[3] R.R. Andcrson, "Polarized light examination and photography of the skin," Arch
Dermatol, 127, (1991)

[4] Steven L. Jacques, Jessica C. Ramclla-Roman, Ken Lee, "Imaging skin pathology with
polarized light," Journal of Biomedical Optics Vol. 7, 3 (2002).

[5] S. L. Jacques and K. Lee, “Polarized video imaging of skin,” Proc. SPIE 3245, 356
362 (1998).

[6] Steven L. Jacques, ct al, "Imaging Superficial Tissucs With Polarized Light,” Lascrs in
Surgery and Medicine 26:119-129 (2000).




10

15

20

25

30

[71 R.R. Anderson, "Demarcation of Nonmelanoma Skin Cancer Margins in Thick
Excisions Using Multispectral Polarized Light Tmaging," The Society for Investigative
Dermatology, (2003)

[8] Juan M. Bueno and Pablo Artal , "Double-pass imaging polarimetry in the human
eye," OPTICS LETTERS / Vol. 24, No. 1 / January 1, 1999.

[9] Blandine Laude-Boulesteix, Antonello De Martino, Bernard Dre” villon, and Laurent
Schwartz, " Mueller polarimetric imaging system with liquid crystals,” APPLIED
OPTICS, 43, 14 (2004).

[10] Jessica C. Ramella-Roman, "Design, testing, and clinical studies of a handheld
polarized light camera,” Journal of Biomedical Optics 9(6), 1305-1310 (2004).

[11] Anke Wcber, Michacl C. Cheney, Quinn Y.J. Smithwick, Ann E. Elsner,
"Polarimetric imaging and Dblood vessel quantification,” OPTICS EXPRESS , 12, 21
(2004).

[12] Gang L. Liu, Yanfang Li, and Brent D. Cameron, Polarization-Based Optical
Imaging and Processing Techniques with Application to the Cancer Diagnostics," SPIE
4617 (2002).

[13] R. Ramella et al. "Out-of-plane polarimetric imaging of skin: Surface and subsurface
effects," Proc. SPIE 5686, 142—-153 (2005).

[14] Ramella-Romano,Ken Lee, Scott A. Prahl, Steven L. Jacques, Design, testing, and
clinical studies of a handheld polarized light camera, Journal of Biomedical Optics 9(6),
1305-1310 (NovemberDecember 2004)

[15] Yong-Qiang Zhao, " New polarization imaging method based on spatially adaptive
wavelet image fusion,” Optical Engincering, 45, 12, (2006).

[16] B. Boulbry, T. A. Germer, and J. C. Ramella-Roman, "A novel hemispherical
spectro-polarimetric scattering instrument for skin lesion imaging," Proc. SPIE 6078, 128-
134 (2006).

[17]. Yongqgiang Zhao, Lei Zhang, and Quan Pan, " Spectropolarimetric imaging for
pathological analysis of skin," 48, 10 pp. (2009).

[18] I. T. Jolliffe, Principal Component Analysis, 2nd ed. (Springer-Verlag, 2002), Chap.
6, pp. 111-130.



10

15

20

25

[19] G. Pajares and J. Manuel de la Cruz, “A wavelet-based image fusion tutorial,”
Pattern Recogn. 37, 1855-1872 (2004).

[20]. R. Zhang, W. Verkruysse, B. Choi, J. A. Viator, B. Jung, L. O. Svaasand, G. Aguilar
and J. S. Nelson, "Determination of human skin optical properties from
spectrophotometric measurements based on optimization by genetic algorithms,” J.

Biomed. Opt. 10(2), 024030 (2005).

BRIEF SUMMARY

According to features of the present invention, there is provided a method for probing
morphology of a tissue surface using a system which may include a light source, a
polarizer, an analyzer, and a camera with multiple picture eclements. The method
illuminates the tissue surface with incident light through the polarizer. The illumination
may be performed for incident light of different spectral content. The camera may capture
through the analyzer, scattered light from the tissue surface in a continuous sequence of
image frames. Variation of polarization state may be of at least one of (1) the incident
light from the light source by varying the polarizer or (2) the scattered light from the
tissue surface by varying the analyzer. During the capture, for a picture element of the
camera, a varying intensity signal of the scattered light is detected responsive to the
varying polarization state. The varying intensity signal may be a periodic intensity signal.
The varying intensity signal may be analyzed for at least one of the picture clements
throughout the image frames to probe the morphology of the tissue surface. The analysis
may include determination of light intensity contrast between peaks and troughs of the
varying intensity signal. The analysis may include determination of an intensity
differential of the varying intensity signal between image frames. The analysis may
include the determination of an intensity differential of the varying intensity signal
between consecutive image frames. The analysis may include the determination of a
second or higher derivative of the varying intensity signal between the image frames. The
varying intensity signal may be a function of time and the analysis may include

performing a transform of the varying intensity signal to a transformed intensity signal in
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frequency domain. The analysis may include the determination of an average of contrasts
between frames of the varying intensity signal. The analysis may include determination of

a variance of the varying intensity signal.

According to features of the present invention, there is provided a system including a light
source, a variable polarizer, a second polarizer, and a camera including an image sensor
with a plurality of picture elements. The system may be operable to illuminate the tissue
surface with incident light through the polarizer. Scattered light is captured by the camera
through the analyzer from the tissue surface in a continuous sequence of image frames.
Polarization state is varied of at least one of (1) the incident light from the light source (2)
the scattered light from the tissue surface. A varying intensity signal of the scattered light
is detected responsive to the varying polarization state. The varying intensity signal may
be a periodic intensity signal. The varying intensity signal may be a periodic intensity
signal. An analysis of thc varying intensity signal is performed for at least onc of the
picture elements throughout the image frames to probe the morphology of the tissue
surface. The analysis of the varying intensity signal may include a light intensity contrast
between peaks and troughs of the varying intensity signal. The analysis of the varying
intensity signal may include an intensity differential of the varying signal between image
frames. The analysis of the varying intensity signal may include a second derivative of the
varying intensity signal between the image frames. The analysis of the varying intensity
signal may include an average intensity of contrasts between frames of the varying
intensity signal. The analysis of the varying intensity signal may include a variance of the
varying intensity signal. The varying intensity signal may be a function of time and the
analysis of the varying intensity signal may perform a transform of the varying intensity
signal to a transformed intensity signal in frequency domain. The system may further

include a mechanism for varying spectral content of the incident light.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the

accompanying drawings, wherein:
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Figure la shows a system diagram for probing morphology of a tissue surface, according
to a feature of the present invention.

Figures 1b and 1lc show a cross section view and a plan view respectively of an
implementation of system components found in the system shown in Figure 1a, according
to an exemplary feature.

Figure 1d shows a cross section view of an implementation of system components found
in the system shown in Figure 1a, according to another exemplary feature.

Figure 1e shows a cross section view of an implementation of system components found
in the system shown in Figure 1a, according to yet another exemplary feature.

Figure 2a shows a series of captured image frames according to an feature of the present

invention.
Figure 2b shows two examples of I and 14 of basal cell carcinoma.

Figure 3 shows an example of such an SD image using the image frames I5and 14
shown in Figure 2b, illustrating a well defined boundary of the basal cell carcinoma.
Figures 4a and 4b show the sampled signal on one of the camera's pixels.

Figure 5 shows an image of a lesion type - compound nevus (CN), with imaging of
compound nevu.

Figure 6 illustrates a second example of very hard cutancous malignant melanoma
(CMM).

Figure 7 which shows a method, according to a feature of the present invention.

Figure 8a and 8b show respective time and frequency domains of a varying light intensity

signal.

DETAILED DESCRIPTION

Reference will now be made in detail to features of the present invention, examples of
which are illustrated in the accompanying drawings, wherein like reference numerals
refer to the like elements throughout. The features are described below to explain the

present invention by referring to the figures.
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By way of introduction aspects of the present invention are directed to novel methods for
probing tissue such as skin tissue. In the methods discloscd herein, Stokes parameters or
Mueller matrix parameters are not explicitly dctermined. The polarization state of the
light incident on the surfacc being probed is varied for instance periodically. The
scattered light is viewed by a camera through an analyzer. A sequence of image frames
are obtained of the scattcred light while the incident or scattered light polarization is
being varied. Varying, (typically periodic) intensity signals of scattered light are
produced for one or more picture elements of the camera. Processing of the image
frames and the intensity signals may be performed in several ways according to different
aspects of the present invention. For instance, the sequence of image framcs may be used
to extract thc average contrast between adjacent image frames. The sequence of the
image frames may be used to extract the scattered light intensity differential at one or
more nearby picture elements from image frame to image frame. Similar, higher order
derivatives of the intensity variation may be determined for one or more pixels from

image frame to image frame.

The methods as disclosed herein may be applied to diagnose skin lesions.

The terms "polarizer” and "analyzer" are used herein to refer to one or more polarizing
optical elements which operate by refraction, reflection, absorption and/or diffraction

including one or more birefringent waveplates and/or electro-optic devices.

The term “average™ or "mean"” as used herein refers to an average value of a set of light
intensity values. The average is calculated by combining the light intensity values from
the list in a spccific way, e¢.g. adding, and computing a single number as being thc

average of the list e.g., by dividing by the number of light intensity valucs in list.
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The term ““variance” as used hcrein refers to a measure of how far a set of light intensity
values are sprcad out. Variance is onc of several descriptors of a probability distribution
describing how far the set of light intensity values arc from thc average light intensity
value. In particular, the variance may be one of the moments of the probability
distribution. Variance may be the expected valuc of the squared difference between

mecasured light intensity and the average of the light intensity.

Reference is now made to Figure la which shows a system diagram 10 for probing
morphology of a tissuc surface, according to a featurc of the present invention. System 10
includes a light source 12 with optics to direct, e.g. collimate, light cmittcd from light
sourcc 12 onto a surfacc 8, e.g. skin lcsion, being probed. The light cmitted from light
sourcc 12 passes through a polarizer 18 which may continuously and/or periodically
changes the polarization statc of the light emitied from light source 12 to transmit variablc
polarized incident light 9 onto surface 8. Light scattered from surface 8 passes through an
analyzer 4 and is received by an image sensor or camcera 2. Alternatively, or in addition to
the incident light | the polarization of scattered light may be varied continuously and/or
periodically by for instance rotating analyzer 4. Camera 2 may be a charge coupled device
(CCD) or complimentary mctal oxide semiconductor CMOS type ctc. Camera 2 is
connected to processor 14 which receives captured image frames 16 from camera 2. A
transparent window 11 may be uscd to contact tissue surface 8 and incident and scattered

light are transmitted through window 11.

Variable polarization of incident light 9 or scattered light 6 may be achieved in any way
known in the arts of optics and clectro-optics. Polarization may be varied by rotating a
bircfringent wave plate. Other devices used to vary incident or scattcred light
polarization may include usc of spatial modulation, e.g. liquid crystal polarization
modulator. The polarization of incident light 9 may be varicd from lincar to circular or
circular to linear. The anglc of linearly polarized light or elliptically polarized light may
be varied. Onc state of elliptical polarization may be varied to any other statc of
polarization. Any change in thc Stokes parameters or Mueller paramcters may be

represented in incident light 9.
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Varying polarization statc may be performed by varying polarization state for instance by
rotation, of polarizer 18 and/or of analyzer 4. Polarization of incident light 9 may be
changing while analyzer 4 in front of camera 2 is fixed. Polarizer 18 of incident light 9
may be fixed and analyzcr 4 in front of camcra 2 may be changing, e.g. rotating.

O

Polarizer 18 and analyzer 4 may both be changing, e.g. rotating at the same time.

In all cascs, camera 2 captures a sequence of image frames 16 during the varying

polarization.

If surface 8 has monotonic optical morphology, scattered light 6 may not cxperience
significant change while polarization is varicd. Boundarics and high scattering zoncs may
be more sensitive to changes in the polarization of incident light 9 and may produce

different images for different incident polarization states.

Rceference is now made to Figures 1b and 1c¢ which show a cross section view 10a and a
plan view 100 respectively of an implementation of system components found in system
10 shown in Figure 1a, according to an exemplary fcature. Camera 2 is shown with image
sensor 2a and lens 2b. With sensor 2a and lens 2b perpendicular to the Z axis are
analyzer 4, polarizer 18 and window 11. A motor Sa with drive shaft 5b is connccted to
cog wheel 5¢. Cog wheel when rotated by motor 5a rotates polarizer 18 in a direction at
right angles to the Z axis. Light source 12 may include a lamp 12a and lens 12b. The
focused light emitted from light source 12 goes through polarizer 18 to transmit variable
polarized incident light 9 onto window 11 and/or surface 8 by virtue of the rotation of
polarizer 18. Scattered light from window 11 and/or surface 8 goes through stationary

analyzcr 4, through lens 2b and onto image sensor 2a.

Reference is now made to Figure 1d which shows a cross section view 10b and of an
implementation of system components found in system 10 shown in Figure 1a, according
to another exemplary fcature. Cog wheel 5S¢ when rotated by motor 5a rotates polarizer
18 and analyzer 4 by virtue of angular components 18a and 4a attached to polarizer 18
and analyzer 4 respectively. Analyzer 4 rotates in a plane which is at right angles to the Z
axis and polarizer 18 rotates in a plane at an anglc B relative to the Z axis. Angle B may

be greater than zero degrees
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and less than ninety degrees. The focused light emitted from light source 12 goes through
polarizer 18 1o transmit variable polarized incident light 9 onto window 11 and/ or surface
8 by virtuc of the rotation of polarizer 18. Scattered light from window 11 and/ or surface
8 goes through analyzer 4 which is also rotating, through lens 2b and onto image sensor

2a.

Reference is now made to Figure le which shows a cross scction view 10¢ and of an
implementation of system components found in system 10 shown in Figure la, according
to yet another exemplary featurc. Figure e and 1d are similar except two motors Sa and
5d respectively, which rotate polarizer 18 and analyzer 4 independently [rom each other.
cog wheel Sc attached to drive shaft Sb and motor 5a, connects with angular component
18a of polarizer 18 so as to rotatc polarizer 18. Similarly cog wheel Sf attached to drive

shaft 5e and motor 5d, connects with analyzer 4 so as o rotatc polarizer 4.

Pre-processing of the captured video sequence

A skin lesion is a good example due to scattering in its cpidermal layers. The captured
sequence can be processed as scparate files of image frames 16, or the sequence may also
optionally be processed as a video scquence in a single file. System 10 may be applicd to
image skin lesions, while the angle of linearly polarized light is changed by rotating
polarizer 18. Scattered light scatters upward toward camera 2. Camera 2 captures frames
16 as shown schematically in Figurc 2a. Image frames 16 have indices k=7 to N, [; is the
k™ framc among N frames. Polarizer 18 may be rotated multiple times to improve signal
to noise in algorithms. Each framec 7, of e.g. 640 X 480 picturc clements (pixels) in
current cxamples corresponds substantially to a singlc state of polarization angle-a

produced by polarizer 18.

Rcference is now made to Figure 2 which illustratcs schematically a scquence of image
frames 16 captured at different incident polarization states of a skin lesion. N frames are
taken during continuous change in polarization state @ . /; is shown as the image frame

16 when a prominent specular-like image appcears. /1, is shown when the image appears

10
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diffusc and non-specular. The images labelled "specular” and "diffused" arc for a basal

ccll carcinoma (BCC).

Mcthods disclosed hercin using skin lesion surface 8 as a non-limiting example of tissuc
or scattering material; however the mcthod may optionally be applicd to any other

semitransparent surface.

During variations in polarizer 18, the scattered light 6 from the lesion is also change duc
to scattering from hetro-structures inside the skin. Arcas which have no variation in their
structure will not produce significant differences in the scattered light 6, hence, the
captured image frames 16 may show minimal change from frame to frame. More
significant differences arc cxpected between image frames 16 when material boundaries
or scattering sites arc present. In this case, scattered light 6 may change its polarization
and intensity for each statc of polarization of the incident light. To uncover thesc
structural variations in the matcrial index of refraction or in gencral — optical morphology,
different algorithms arc optionally used to emphasize boundarics and degrec of scattered

light 6 over the surface being probed.

1) Specular-Diffusc Algorithm, SD algorithm.

2) Average Framc Contrast, named AFC algorithm.

3) Averaged Differential algorithm, named AD2 algorithm, when applied for the 2™
order of differentiation.
NOTE: AD3, AD4 ... ADn (n=integer), may be applied for higher orders of

differentiation.

SD Algorithm: Specular-Diffused

Among the whole scquence of image frames 16 a specular-like reflection may be seen
clcarly from the superficial laycr of the inspected surface. In skin, it would be the stratum
corneum. Spccular-like image frames 16 are marked as /g in Figure 2., where s stands
for specular-like signatures (bright surface) usually happen when the incident polarization

is at the same polarization as analyzer 4. Between the /; image frames 16 there are the

11
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diffusive image frames 16 7, which usually happen when the polarization of the surface
reflection and analyzer 4 arc orthogonal. Figure 2b shows two examples of I, and /,; of
basal cell carcinoma. It can be seen that /;image frame 16 has more glarc on its surface
and 1, is lack of this glare. In a similar manner to the definition of the normalized second
Stokes paramcter onc may definc the following SD image designating the contrast

between the specular-like /; image frame 16 and diffusive /; image framcs 16:

SD=(I,- 1)/ +1,) (1)

SD image is different than the sccond Stokes parameter when the polarizer at camera 2 is

fixed and the glare in 7, can be from arbitrary rcflection angle. Eq. 1 cnables to

cmphasize boundaries of diffcrent scattering zonces.

Figurc 3 shows an examplc of such an SD imagc using the image frames 16 /,and /,

shown in Figure 2b, illustrating a well defined boundary of the basal cell carcinoma.
AFC Algorithm: Average Frame Contrast

The optical morphology of surface such as skin lesion has arbitrary optical characteristics
of absorption, transmission, scattering and will always be different from lesion to lesion,
different areas in the body or for different people. Thus, AFC algorithm takes the average
of all contrasts of two adjacent imagc frames 16 /;,,, and [,. m is an integer number, to
be choscn by the user, herc m=2. Equation (2) demonstrates the contrast between two
adjacent states. High spatial change in morphology like scattering areas will produce
larger values in C, imagces. Recalling the random optical morphology, Ci 's will be

averaged in the final post process as AFC image, defined in Eq. 3.

|1k—“~1k|
C, = ——— 2
T Ll )

k+ 2




1 &
AFC=- ——=) C, (3)
N L G

AFC algorithm emphasizes the spatial inner changes of high scattering areas over the
inspected surface. In skin lcsions it can indicatc about abnormalities, for instance

dysplasia emergence, which can lcad to malignancy.
5 AD2 Algorithm: Averaged Differential of the 2" degree

Assuming that a surfacc has high optical scattering, changing the polarization will seldom
produce lincar change in the rccorded intensity of camera 12. Intensity (or image frame
16) recorded by camera 12 will generate a curvature at each pixel during the change in the
polarization state. The degree of this curvature is represented by 4D2 algorithm in Eq. 4,
10 averaging the differential of the 2" degree for each pixel on camera 2 detector. The higher

the curvature the higher the value of AD2.

1 N
2=mglumz"]k“”km"’]k.'2Ik+1| O

[1,.,+1,-21,,] is related to the numerical second derivation and indicates about the

degree of curvature of the change in intensity .

15 In order to avoid cases where the change between two points /2 and  is not prominent
or originating from noise, |/, t I, - 21,,, |is multiplied by the difference |Z,,,- I, |. Eq.
4 can also be written using normalizations by dividing with sum of subtracted elements at
the denominator, Eq. 5-7, or just averaging the second derivation as in Eq. 8. Then the
image color map will have to be modified. The brackets (AD2)1__ (AD2)4indicates the

20 several options to define AD?2.
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¥\ Fu— F % | Fs t T~ 2F,,
(AD2)2= Z|kh k| I ) k k1| ©)
2(N 1) & | Lyn t I+ 21, |
LA NI APRY .
(AD2)3= Z k ‘L- k k+1 %)
2(N_1)k1 ‘[k;2+lk|
(4D2), - i
AD2 L.+ 1-21 g
4~ 2(N );1| k+2 kll (8)

5 To understand the meaning of AD2 let us follow the sampled signal on one of the
camera's pixels, as shown in Figure 4a and 4b, where the axes are the intensity on a
particular pixel versus the discrete polarization angle oy of the incident light on a skin
lesion. Numerical curvature measuring can expressed as the magnitude of distance
between sampled intensity of the measurement at point {0k ,/x+; }, and average value

10 between two adjacent points I, and Iy» , {01, (les2 + I)/2}. Distance between these two

points would be |(1m +1,.)/2- 1/.-+1|- Note, in Eq.4-8 the division by 2 was taken out of

the summary sign.

During the scan the angle of the incident polarization on the lesion changes continuously
— hence we expect a continuous change on camera 2 as well, so if Ii.; image frame 16
15 does not change much compared to Iy, we interpret the jump in /., as a noise and can be
ignored and 4D2 should be close to the dark level means [+, and I are close to each

other.

Reference in now also made to Figures 4(a) and 4(b). Figure 4(a) shows a change in
intensity of an arbitrary pixel in camera 2 while & changes. The solid line is the analog

20 intensity, the black circles are its numerical samples. Figure (b) shows a case where there

14
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is practically no prominent change between /i and /. where /., docsn't lay on the dashed

line. In this casc Ii.; can be considered as a noise.

The graph of Figure 4b takes into account the multiplication of |/ - I in Eq. 4. In other
words, Eq. 4 collects cases similar to Figure 4a when there is a prominent difference
between /g, and Ii,» which is enforced with the magnitude of the intensity difference
between points Iy, and [ ;). The differential polarization scanning method may consider
the fact that deep layers will causc the incident polarized light to lose its polarization and
emcrge as a non-polarized background light. So cquations 3-8 mainly emphasize thc
changes of the superficial laycr of the lesion, while still some degree of polarization s

preserved.

Examples: using methods as disclosed herein in a clinic

Clinical in vivo images were obtained in Soroka Hospital, Beer-Sheva Isracl. Images of
skin Iecsions have been capturcd before the patients entered into the operation room for
their surgery. The following scction presents post processing images of AFC and AD?2
algorithms using two wavelength 520nm and 700nm. Different wavelengths may be
applied for diffcrent penetration, based on properties that can inferred from the work of

Zhang et al. [20]:

(1) large difference between the transmittance at 520nm and 700nm and

(2) the spectral dependence around each of these wavcelengths is nearly flat.

Reference is now also made to Figure 5 which shows an image of a lesion typc -
compound nevus (CN), with imaging of compound ncvu. As shown in Figure S, pattcros
conccaled from the naked cyc (Figurc 5-Normal image framc ) can be scen very clcarly
using algorithms AFC and AD2. AFC refers to areas with higher scattcring characteristics
than the surrounding of the lesion and 4D2 indicates on the curvature of the change in the

back-scattering. Both cases reveal the tendency of the lesion to become ncoplastic.

15
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Reference is now made to Figure 6 which illustrates a second example of very hard
cutancous malignant melanoma (CMM). In this example, the collagen and eclastin
structures are alrecady damaged and therefore generate random areas of high scattering

regions, shaped as islands.

Algorithms, SD, AFC and AD2 ecnable to distinguish between different degrees of
scattered light 6 light from a surface. SD algorithm is mainly used for recognizing lesion's
boundary. Monotonic surface appears in AFC and AD2 images as hazy or smeared
images, in which variations in surface optical properties appear with patterns alluding to
inner structure of the first surface layers, depending on the wavelength. The penetration
depth governed by the incident wavelength is a debate of light and matter interaction, in
most of the turbid media deep layers will cause the impinged polarized light to lose its

polarization and emcrges from thc surface as background light.

Algorithms may be applied not just for skin lesions but also to any other scattering or
turbid medium. The change in capturcd image frames 16 by camera 2 can be gencrated in
several ways: (1) variations in polarization at the light source or in front of camera 2 (2)
changing wavelengths (3) changing light intensity (4) changing apparatus geometry (5)
changing light path (6) or any other system parameter resulting change in the captured

image frame 16 by camera 2.

Reference is now made to Figure 7 which shows a method 701, according to a feature of
the present invention. With window 11 placed on a tissue surface 8, and in step 703, the
tissue surface 8 is illuminated through window 11 with polarized incident light 9.
Polarized incident light 9 comes from light source 12 through polarizer 18. The scattered
light from tissue surface 8 in step 705, transmits through analyzer 4 and into camera 2,
through lens 2b and onto image sensor 2a. Camera 2 is operatively attached to processor
14 and multiplc image frames 16 arc capturcd and processcd by processor 14. As
discussed previously, polarizer 18 may be fixed, move together with analyzer 4 or move
independently of analyzer 4. Similarly, analyzer 4 may be fixed, move together with
polarizer 18 or move independently of polarizer 18. Therefore in step 707, the

polarization state may be varied for at least one case of the incident light 9 by varying

16
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polarizer 18 or in another case where the scattered light from surface 8 is varied by
varying analyzer 4. In step 709 a picture element of camera 2 may be detected which gives
a varying intensity signal which is responsive to the polarization state being varied (step
707). In step 711 the varying intensity signal may be analyzed for at least one of the

picture elements throughout the image frames 16.

Analysis step 711 may include the determination of an intensity differential or a second
differential of the varying intensity signal between image frames 16 or between
consecutive image frames 16. Analysis step 711 may further include determination of an
average of conlrasts belween frames of the varying intensity signal and / or a variance of
the varying intensity signal. If the varying intensity signal is a function of time, the
analyzing step 711 may include a transform of the varying intensity signal to a
transformed intensity signal in frequency domain. The transform form may be a fast
Fourier transform, Laplace transform or any transform known in the art of signal

processing.

Making reference now to Figures 8a and 8b which show respective time 80a and
frequency 80b domains of a varying light intensity signal. In Figure 8a, a dotted line
shows a sine wave of time period T and the actual measured amplitude time varying light
intensity signal. The frequency domain 80b shows a peak amplitude at a frequency of 1
divided by time period T. Analyzing step 711 in this case may include a determination of
light intensity contrast between peaks and troughs of the varying intensity signal shown in
tome domain 80a. The frequency domain 80b shows that the varying intensity signal is a
periodic intensity signal with a fundamental peak as shown by the peak at a frequency of 1
divided by time period T. The fundamental peak may be indicative of analyzer 4 being in
a fixed position and polarizer 18 rotating periodically or vice versa. Two fundamental
peaks at two different frequencies may be indicative of both polarizer 18 and analyzer 4
rotating at two different constant velocities. The frequency domain 80b shows as well,
other frequency components which may be indicative of a particular condition of the

tissue surface 8.
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The indefinite articles "a", "an" is used herein, such as "a polarizer ", "a light source"

have the meaning of "one or more" that is "one or more polarizers" or "one or more light

sources".
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CLAIMS

1. A method for probing morphology of a tissue surface using a system including a light source,
a polarizer, an analyzer, and a camera with a plurality of picture elements, the method
comprising:

illuminating the tissue surface with incident light through the polarizer;

capturing by the camera, through the analyzer, scattered light from the tissuc surface in a
continuous sequence of image frames;

changing at the same time respective polarization states of said incident light from the
light source by varying the polarizer and of said scattered light from the tissue surface by
varying the analyzer;

during said capturing, detecting a plurality of picture elements of the camera a varying
intensity signal of the scattered light responsive to the varying polarization state;

analyzing the varying intensity signal for the picturc elements throughout the image
frames, thereby probing the morphology of the tissue surface, wherein said analyzing includes

determining an average of contrasts between [rames of the varying intensity signal.

2. The method according to claim 1, wherein said illuminating is performed for incident light

of different spectral content.

3. The method according to claim 1, wherein said analyzing includes determining light

intensity contrast between peaks and troughs of the varying intensity signal.

4. The method according to claim 1, wherein said analyzing includes determining an intensity

differential of the varying intensily signal between image [rames.

5. The method according to claim 1, wherein said analyzing includes determining an intensity

differential of the varying intensity signal between consecutive image frames.

6. The method according to claim 1, wherein said analyzing includes delermining a second

derivative of the varying intensity signal between the image frames.

7. The method according to claim 1, wherein said analyzing includcs determining a variance of

the varying intensity signal.
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8. The method according to claim 1, wherein the varying intensity signal is a function of time,
wherein said analyzing includes performing a transform of the varying intensity signal to a

transformed intensity signal in frequency domain.

9. The method according to any of the preceding claims wherein the varying intensity signal is

a periodic intensity signal.

10. A system including a light source, a variable polarizer, an analyzer, and a camera including
an image sensor with a plurality of picture elements, the system operable to:

illuminate a tissue surface with incident light through the polarizer;

capture by the camera through the analyzer, scattered light from the tissue surface in a
continunous sequence of image frames;

change at the same time respective polarization states of said incident light from the
light source and of said scattered light from the tissue surface;

detect for a plurality of picture clements of the camera a varying intensity signal of the
scattered light responsive to the varying polarization state;

perform an analysis of the varying intensity signal for the picture clements throughout
the image frames to probe the morphology of the tissue surface, wherein the analysis of the
varying intensity signal includes an average of contrasts between frames of the varying

inlensity signal.

11. The system according to claim 10, wherein the analysis of the varying intcnsity signal

includes a light intensity contrast between peaks and troughs of the varying intensity signal.

12. The system according to claim 10, wherein the analysis of the varying intensily signal

includes an intensity differential of the varying signal between image [rames.

13. The system according (o claim 10, wherein the analysis of the varying intensity signal

includes a second derivative of the varying intensity signal between the image frames.

14. The system according to claim 10, wherein the analysis of lhe varying intensity signal

includes a variance of the varying intensity signal.

15. The system according to claim 10, wherein the varying inlensily signal is a function of
time, wherein the analysis of the varying inlensity signal performs a transform ol the varying
20



intensity signal to a transformed intensity signal in frequency domain.

16. The system according to claim 10, further comprising;

a mechanism for varying spectral content of the incident light,
17. The system of claim 10, further comprising a coupling between the polarizer and the

analyzer configured to rotate the polarizer and the analyer at the same time to change the

respective polarization states at the same time.
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